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Within the past ten years, a wide variety of group III-Nitride-based photonic and 
electronic devices have opened a new era in the field of semiconductor research.  Fueled 
by their great potential which extends beyond the capabilities of Si technology, they have 
become of great commercial importance.  The direct and large bandgap nature, intrinsic 
high carrier mobility, and the capability of forming heterostructures allow them to 
dominate photonic and electronic device market such as light emitters, photodiodes, or 
high-speed/high-power electronic devices. 
Avalanche photodiodes (APDs) based on group III-Nitride materials are of 
interest due to their potential capability for low dark current densities, high sensitivities 
and high optical gains in the ultraviolet (UV) spectral region.  Wide-bandgap GaN-based 
APDs, such as AlGaN and GaN-based p-i-n diodes, are excellent candidates for short-
wavelength photodetectors because they have the capability for cut-off wavelengths in 
the ultraviolet (UV) spectral region less than λ = 290 nm.  These intrinsically solar-blind 
UV APDs will not require filters to operate in the solar-blind spectral regime at λ < 290 
nm.  A high density of defects is usually introduced during the growth of GaN-based 
heteroepitaxial layers on lattice-mismatched substrates; thereby, causing a device failure 
by premature microplasma breakdown before the electric field reaches the level of the 
bulk avalanche breakdown field, which has been a major issue for GaN-based APDs.  In 
contrast, photomultiplier tubes (PMTs) offer high-sensitivity UV detection with a 
photocurrent gain as high as 106; however, PMTs require a high-voltage power supply (> 
1,200V) and are relatively fragile and expensive.  Due to their compact footprint and 
 xiv
material characteristics, APDs are small, stable, and less expensive compared with PMTs. 
The extensive research on epitaxial growth development and optimization of AlxGa1-xN 
(0 ≤ x ≤ 1) epitaxial layers grown on low dislocation density native bulk III-N substrates 
have brought UV APDs into realization.  GaN and AlGaN UV p-i-n APDs demonstrated 
first and record-high true avalanche gain of > 10,000 and 50.  The large stable optical 
gain is attributed to the improved crystalline quality of epitaxial layers grown on low 
dislocation density bulk substrates. 
The superior physical and electronic properties for group III-Nirides has brought 
much research interest to high speed/high power devices such as GaN p-i-n rectifiers.  
The AlN-free full-vertical GaN p-i-n rectifiers grown on n-type 6H-SiC substrates by 
employing a conducting AlGaN:Si buffer layer provide the advantage of the reduction of 
sidewall damage from plasma etching and lower forward resistance due to the reduction 
of current crowding in the bottom n-type layer.  The AlGaN:Si nucleation layer was 
proven to provide excellent electrical properties while also acting as a good buffer layer 
for subsequent GaN growth.  The reverse breakdown voltage for a relatively thin 2.5 µm-
thick i-region was found to be over -400V.  For GaN p-i-n rectifiers grown on bulk GaN 




INTRODUCTION TO GROUP III-NITRIDES 
1.1 Application of Group III-Nitride Photonic and Electronic Devices 
Within the past ten years, a wide variety of group III-Nitride-based photonic and 
electronic devices have opened a new era in the field of semiconductor research.  Fueled 
by their great potential which extends beyond the capabilities of Si technology, they have 
become of great commercial importance.  The direct and large bandgap nature, intrinsic 
high carrier mobility, and the capability of forming heterostructures allow them to 
dominate photonic and electronic device market such as light emitters, photodiodes, or 
high-speed/high-power electronic devices.  By alloying and forming heterostructures with 
AlN or InN, GaN has wide wavelength coverage ranging from entire visible spectral 
range in addition to the infrared and deep ultraviolet (1771 nm ~ 200 nm, 0.7 eV ~ 6.2 
eV) ranges.  The high thermal and chemical stability of GaN give those devices the 
advantage of operating in hostile environments.  Like most wide bandgap semiconductors, 
the nitrides exhibit superior radiation hardness compared to the other smaller bandgap 
counterparts such as Si or GaAs, allowing them to be incorporated into demanding space 
applications.  For these reasons, the research on group III-Nitride semiconductor 
materials has attracted much attention in both the consumer and defense industries. 
For the indirect bandgap semiconductors such as Si or Ge, the carrier 
recombination releases heat to the lattice, but for direct bandgap materials characterized 
by direct recombination, under forward bias, in the active region, electrons are injected 
from n-side and holes are injected from p-side.  Photons can be easily produced by 
conduction band-to-valence band electron-hole recombination in the “active region.”  
Compared to other sources of light, semiconductor light emitters are convenient and 
attractive due to their compactness, high efficiency, low-power consumption, long 
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lifetime, spectral purity, and speed.  Semiconductor photonic devices can be found in 
numerous applications such as traffic lights, color display panels or white light sources 
for solid-state street/room lighting.  Nowadays, they expand the applications to 
architectural decorative lightings as well as vehicle main head lights.   
Beyond the purpose of visible illumination, a compact and efficient UV light 
source is expected to provide new applications, such as fluorescence-based bio-chemical 
agent detection, UV-based curing, or water sterilization and etc., because most biological 
molecules contain chemical bonds having strong optical resonance within the UV 
spectral range of approximately 270 nm to 350 nm.  In addition, the capability of high 
sensitivity, extremely low noise, and low dark current densities in short-wavelength 
radiation in the ultraviolet (UV) spectral region makes group III-Nitride devices a prime 
candidate for high-efficiency UV photodetection or short-range covert communication in 
the battlefield. 
 
1.2 Beginning of Group III-Nitride Research 
The recent prosperity of group III-Nitride research was initiated by the 
demonstration of the metalorganic chemical vapor deposition (MOCVD) growth 
technique by Manasevit in late 1960’s [1].  Shortly after this, Manasevit, et al. applied 
this technique to grow GaN on sapphire substrates.[2]  The selection of an oxide substrate 
such as sapphire was mainly due to the unavailability of native bulk GaN substrates and 
the high temperature stability of these oxides; however, further development was slow 
due to growth related issues.  Among other existing growth techniques such as hydride 
vapor phase epitaxy (HVPE), liquid phase epitaxy (LPE), or molecular beam epitaxy 
(MBE), MOCVD started to receive much attention due to its suitability of heterostructure 
epitaxy since Dupuis, et al. [3] demonstrated the capability of MOCVD for optoelectronic 
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devices by the high-efficiency solar cells with first device-quality heterostructures.  In the 
initial stage of research for group III-Nitrides, GaN films had high background doping as 
well as high dislocation density.  Yoshida, et al. [4] deposited an AlN buffer layer to 
overcome the nucleation problems of GaN grown directly on a sapphire substrate.  This 
buffer layer technique was very effective in improving the overall material quality on 
sapphire, so the concept was applied to MOCVD growth by Amano et al in 1986.[5]  The 
worldwide attention on the research of group III-Nitrides were stimulated by the success 
in the material quality improvement with low temperature GaN nucleation layer by 
Nakamura [6] in the early 1990’s and later by the success in blue light emitting diodes 
(LEDs) and laser diodes (LDs) by Nakamura, et al. [7], leading toward the fundamental 
understanding of group III-Nitride material system. 
 
1.3 Materials Properties 
Like most semiconductors, the atom arrangement in the nitride semiconductors is 
tetrahedrally coordinated; therefore, each atomic site has the four nearest neighbors 
occupying the vertices of a tetrahedron. The wurtzite crystal structure consists of two 
interpenetrating hexagonal close packed sub-lattices.  Each sub-lattice is shifted along the 
c-axis by 3/8 of the cell height.  GaN, AlN, or InN exhibits a stable hexagonal wurtzite 
crystal structure rather than a meta-stable zincblende structure.  In an ideal wurtzite 
structure, c/a ratio is 1.633.  The deviation from the ideal c/a ratio increases as the 
electronegativity difference between group III atoms and group V atoms increases.[8]    
The c/a ratio can also be correlated with the differences in the electronegativity.   AlN has 
1.601 of c/a and GaN exhibits 1.627 while InN shows 1.612.  The difference is attributed 
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to the creation of the dipole, resulting in polarization.  The space group for the hexagonal 
wurtzite structure is P63mc (C46ν).  The P63mc space group is created by the combination 
of a 63 screw-axis along the c-axis, a mirror parallel to the c-axis and a-axis, and a glide 
plane along the c-axis.  The unit cell of the wurtzite crystal structure and the Wigner-
Seitz unit cell are shown in Figure 1.1 (a) and (b), respectively. A dashed line indicates a 
tetrahedral bonding. 
The Nitrogen atom has the strongest electronegativity among the group V 
elements.  The large difference in electronegativity between nitrogen and group III 
elements adds a strong ionic bonding component to the covalent bonding between Ga, Al, 
or In, resulting in a tightly bonded crystal structure.  In addition, the charge carriers in the 
valence band of III-nitrides are well localized due to the strong electron affinity of the 
nitrogen atoms.  These characteristics make III-nitride semiconductors leading materials 
for high-power/high-temperature applications. 
Nitrogen atoms create a large ionic bonding component in the III-nitride 
materials; thus, these atoms play an important role in forming a tightly bonded crystal 
structure. The bonding energy of AlN is 11.5 eV/atom while that of GaN is 8.9 eV/atom. 
In comparison, InN shows 7.7 eV/atom of bonding energy to 6.5 eV/atom from GaAs.   
The tightly bonded structure with a larger bonding energy contributes to a chemical bond 
length that is shorter in comparison to other semiconductors.  Combined with the wide 
bandgap, this characteristic makes III-nitrides perfect candidate materials for many 
optoelectronic applications operating in hostile environments. Figure 1.2 shows the 
values of chemical bond lengths depicted for various semiconductors.[9]  The bowing 








Figure 1.1:  (a) Unit cell for the hexagonal wurtzite structure (b) Wigner-Seitz unit cell 
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All of the III-Nitrides crystallize in stable wurtzite (hexagonal Bravais lattice) and 
zinc-blende (face-centered cubic Bravais lattice) polytypes.  In a wurtzite form, the 
bandgaps are all direct. One of the advantages of the III-Nitride material system is that 
the bandgap can be tunable from 6.2 eV (~ 200 nm) to 0.7 eV (~1771 nm) by alloying 
and forming heterostructures with AlN and InN, respectively. The fundamental bandgap 
energy of approximately 0.7 eV for wurtzite-structure InN has been recently discovered 
[10,11,12,13,14,15,16,17,18], indicating InN is actually a narrow bandgap compound 
semiconductor.  It is quite different from the previously, widely accepted value of 1.9 eV 
(~ 653 nm).  The recent discovery of wide bandgap energy for InN gives group III-
Nitride semiconductors a big advantage for devices operated under various conditions.  
For example, GaN alloyed with InN can be useful for devices for optical communications 
using long wavelengths such as λ = 1.55 or 1.33 µm.  
Figure 1.3 displays bandgap energy as a function of a lattice parameter for the 
wurtzite III-Nitrides with Eg (AlN) = 6.2 eV, Eg (GaN) = 3.4 eV, and Eg (InN) = 0.7 eV.  
The zinc-blende energy gaps are slightly lower and are direct only for GaN and InN.[19]  
It is noted that the energy gap of the InAlN ternary alloy covers a wide range of spectrum 
from the infrared for InN to the deep ultraviolet for AlN.  Hence, heterostructures of 
wurtzite group III-Nitride alloys can be incorporated into light emitters and detectors that 
operate in the entire range of the spectrum.  The composition dependence of the bandgap 







g −−−+=           (1.1) 
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The bowing parameter of b for AlInN is 2.53 eV obtained by ab initio pseudopotential 
calculation [20].  For InGaN and AlGaN material systems, bowing parameters are found 








 One of the technological difficulties of the group III-Nitirde system is that a 
lattice-matched substrate still has some limitations such as availability for bulk AlN or 
cost/substrate quality issue for large area bulk GaN substrate.  Consequently, almost all 
of the previous research work was carried out using substrates that do not have a lattice 
matched condition.  Despite of ~ 14.8% a-axis lattice mismatch over GaN, readily 
available low-cost, and high-thermal stability sapphire substrates are still used as 
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heterostructures takes place at an elevated temperature, the difference in thermal 
expansion between substrate and epitaxial layer also has to be taken into consideration.  
Table 1.1 [22] lists some of the important properties of the group III-Nitride materials. 
 
Table 1.1:  Material properties of GaN, AlN, and InN. 
Property GaN AlN InN  
Lattice constant, a [Å] 3.189 3.112 3.548 
Lattice constant, c [Å] 5.185 4.982 5.76 
Thermal expansion (∆a/a) [10-6/K] 5.59 4.2 4 
Thermal expansion (∆c/c) [10-6/K] 3.17 5.3 3 
Thermal conductivity (κ) [W/cm·K] 1.3 2 0.8 
Static dielectric constant (ε0) 9.5 8.5 15 
High-ω dielectric constant (εω)  5.35 4.68 8.4 
Electron effective mass (me) 0.20m0 - 0.11m0 
 
 
As discussed earlier in this chapter, group III-Nitride materials have tightly 
bonded crystal structures due to the strong polarity of the bonding between group III and 
group V atoms.  They are chemically stable and physically tolerant.  For the wurtzite 
structure GaN, it has a high thermal conductivity and a high electron saturation velocity 
(vs), which makes it a suitable material for power electronic devices.  SiC has been 
known as the choice of substrate for high power/high temperature electronic devices 
partly due to very good thermal expansion coefficient match with AlN along the basal 
plane and partly due to advance in manufacturing technology [23] over other competing 
substrates.  Unlike the case of AlN, the thermal expansion differs from GaN and InN by 
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more than 20%.  The value of thermal expansion for sapphire is 78% greater than that of 
AlN and 34% larger than the case of GaN.  This difference adds an additional difference 
of 0.34% and 0.20% in lattice parameter, respectively, due to thermal contraction while 
cooling down from the growth temperature.[9]  For the growth of GaN on a SiC 
substrate, AlN grown at high temperature has been chosen as a buffer due to the small a-
axis lattice mismatch of approximately 1% [24] for SiC-AlN.  The a-axis thermal 
expansion (∆a/a0) among GaN, AlN and 6H-SiC is plotted in Figure 1.4 based on the 
materials data.[25,26]  Also, the a-axis lattice mismatch depending on the temperature 
change is shown in Figure 1.5.  The mismatch is plotted based on (aAlN or GaN – aSiC or 
AlN)/aSiC or AlN.  Table 1.2 [27,28,29,30,31] summarizes some of the important properties 

























































Figure 1.4:  a-axis thermal expansion (∆a/a0) for GaN, AlN and 6H-SiC with thermal 




Figure 1.5:  a-axis lattice mismatch for GaN, AlN and 6H-SiC.[25,26] 
 
 
Table 1.2:  Material properties of Si, 4H-SiC, 6H-SiC, and GaN.[27,28,29,30,31] 
Material Property Si 4H-SiC 6H-SiC GaN 
Bandgap (eV) 1.12 3.265 3.023 3.4 
Breakdown field (105 V/cm) 3 18 22 35 
Saturated velocity (107 cm/s) 1 1 2 2.5 
Electron mobility ( cm2/V·s) 1350 800 800 1000 
Hole mobility ( cm2/V·s) 450 120 120 30 
Thermal conductivity (W/cm·K) 1.5 4.9 4.9 1.3 






























The crystal axis of GaN exhibits a 30° rotation relative to that of sapphire in the 
basal plane due to the large lattice mismatch of over 14%.  SiC shows a closer match of 
lattice parameter and coefficient of thermal expansion than that of sapphire. The lattice 
mismatch and resulting misfit dislocation separation are listed in Table 1.3.[9] 
 
Table 1.3:  Lattice mismatch (%) and resulting misfit dislocation separation (Å) 
corresponding to complete misfit relaxation of basal plane interfaces.[9] 
 
  GaN AlN InN Sapphire 6H-SiC 
Lattice mismatch (%) Sapphire 14.8 12.5 25.4 · 11.5 
 SiC 3.3 1 14 -11.5 · 
 GaN · -2.4 10.6 -14.8 -3.3 
Dislocation distance (Å) Sapphire 17.2 20.3 10.6 · 21.9 
 SiC 8.09 276.7 20.4 21.9 · 
 GaN · 114.4 27.3 17.2 80.9 
 
 
1.4 Metalorganic Chemical Vapor Deposition 
In CVD, two or more materials in a gaseous form are introduced into a reaction 
chamber where they chemically react with one another to form a new material deposited 
on the wafer surface.  The MOCVD growth technique involves a sequence of chemical 
reactions among different precursors.  A metalorganic (or alkyl) precursor exists in either 
liquid or solid form and is stored in an all welded stainless steel container, commonly 
referred to as “bubbler”.  A carrier gas passes (or bubbles) through this precursor 
container and carries metalorganic precursor molecules into an epitaxial growth chamber; 
thus, precursors must exhibit an appropriate volatility.  Also, precursors should have the 
proper reactivity to thermally decompose in an epitaxial growth chamber.  Hence, for the 
selection of suitable precursors, vapor pressure and pyrolysis data should be taken into 
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consideration. Trimethylgallium (TMGa), triethylgallium (TEGa), trimethylaluminum 
(TMAl), and trimethylindium (TMIn) are commonly used as group III precursors in the 
group III-Nitride epitaxy.  The general reaction to form group III-Nitrides is described by 
the equation 1.2. 
 
RHMNNHMR ⋅+↔+ 333             (1.2)  
 
In this equation, R is an alkyl group, for example, methyl (CH3) or ethyl (C2H5) and M 
represents the group III metal such as gallium (Ga), aluminum (Al), or indium (In). N 
represents the group V elements such as P, As, N, or Sb, and H is hydrogen.  In the case 
of GaN, trimethylgallium (TMGa) and ammonia (NH3) react based on the equation 1.3. 
 
433 3)( CHGaNNHGaCH ⋅+↔+            (1.3) 
 
Unlike group III precursors, group V species are already in gaseous form under normal 
conditions.  The extremely low dissociation rate by the order of 10-16 of the dimer 
molecule of nitrogen at typical growth temperatures limits the use of nitrogen as a group 
V precursor [ 32 ].  Instead, ammonia (NH3) is commonly employed, due to its 
decomposition rate of 4% up to 950°C [33].   
The MOCVD growth process can be categorized into four processes, i.e., gas 
input, pyrolysis, diffusion, and surface reaction.  Then, a by-product formed during the 
epitaxial growth such as CH4 is pumped away with carrier gases.  Figure 1.6 shows the 
schematic illustration of GaN epitaxial growth. Epitaxial materials used in this 
dissertation were grown metalorganic chemical vapor deposition (MOCVD) using a 
reactor system (manufactured by Thomas Swan Scientific Equipments) equipped with 
Close-Coupled Showerhead (CCS)TM growth technology.  For a vertical rotating disk 
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reactor, stable flow regimes exist in a growth chamber at certain combinations of 
spinning rate, flow rate, pressure and temperature in vertical reactor design [34], but these 
parameters do not apply to CCS technology.  CCS technology can provide inherent 
growth uniformity due to diffusion governed by mass transport from completely and 
uniformly intermixed gas phases.  As shown in Figure 1.7 [35], metalorganic group III 
precursors are introduced into the top plenum chamber and hydrides precursors are 
introduced into the lower plenum chamber through a water-cooled showerhead surface 
over the entire area of deposition.  The showerhead is constructed to enable precursors to 
be separated right up to the point where they are injected onto the substrates via high 
density of injection nozzles.  The complete intermixed uniform distribution of gas phases 
is created at approximately 5 mm out of total 11 mm spacing between the showerhead 
and a substrate.    The linear vertical temperature distribution in a growth chamber with 
CCS configuration can lead to high uniformity precursor decomposition efficiency.  In 
addition, close packed wafer configuration results in high area utilization.  These two 
factors produce high precursor utilization efficiency. The three-zone heater system 
creates the temperature uniformity via modification of the temperature profile, resulting 




























Figure 1.6:  Schematic illustration of MOCVD epitaxial growth process (a) gas input (b) 




































































Figure 1.7:  (a) Schematic illustration of MOCVD epitaxial growth chamber with closed 
coupled showerhead (CCS) technology manufactured by Thomas Swan Scientific 




1.5 Scope of This Dissertation 
The purpose of this dissertation is to investigate the MOCVD growth of group III-
Nitrides materials system for photodiode and electronic device applications.  The 
research work described in this dissertation is focused on the eptixial growth and material 
characterization of AlxGa1-xN (0 ≤ x ≤ 1).  The history of the research and important 
aspects of group III-Nitride materials properties as well as the understanding MOCVD 
system employed in this study have been addressed in this chapter.  Chapter 2 covers the 
principles of material characterization.  Particular attention is given to in-situ reflectance, 
temperature, and curvature analysis tool and X-ray diffractometry because of versatility 
and design consideration of epitaxial growth provided by these techniques. Chapter 3 will 
be devoted to the complete discussion of the epitaxial growth of AlxGa1-xN (0 ≤ x ≤ 0) 
materials system and the development of ultraviolet avalanche photodiodes.  In the 
beginning of Chapter 4, the focus will shift to the AlN-free direct growth of GaN on SiC 
substrates employing AlGaN:Si conducting buffer layer.  The data from p-i-n power 
rectifiers will be discussed in this chapter. Finally, this dissertation concludes with 
Chapter 5, a summary of results and a discussion of potential future research work. 
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CHAPTER 2 
PRINCIPLES OF MATERIAL CHARACTERIZATIONS 
2.1 Introduction 
The research on semiconductor materials requires various kinds of 
characterization techniques for proper understanding of the material; thereby, improving 
performance of devices and increasing the yield.  Thus, the application of a desired 
structural, optical and electrical characterization to each necessary step is critical.  In-situ 
curvature/reflectivity analysis tool can provide the complete set of information for 
designing III-V heteroepitaxial growth process.  The primary characterization tools 
employed in this study will be described. 
 
2.2 In-situ Analysis Tool 
 The wafer size for group III-Nitride device production has recently entered into 
the era of 4″.  It increases the urgent need for the accurate measurement of bowing and 
temperature because the same degree of strain can cause a much larger difference in 
distance between a substrate and a susceptor, resulting in larger degree of non-uniformity 
over a wafer; thereby, lowering the yield for useful devices.  The temperature at a 
substrate during the epitaxial growth is one of the key parameters.  It can affect such 
elements as composition of ternary and quaternary alloys, growth rate or doping level.  
Substrate temperature also has an effect on the thickness of the nucleation layer, surface 
roughness and the material quality of subsequently growing layers; thereby, giving a 
significant impact on the device performance.  The temperature is also affected by the 
substrate bowing.  Thus, careful in-situ monitoring and accurate control of temperature 
on the substrate and bowing by the proper design of epitaxial structures during the growth 
is indispensable. 
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 The growth of ultraviolet (UV) avalanche photodiode (APD) structures requires 
multiple layers of epitaxial structures having large mismatches between substrates and 
epitaxial structures and between epitaxial layers, which involves strain accumulation 
during the growth.  The accumulated strain during the growth results in the bowing of the 
wafers.  Also, the bowing can occur during the heat up before the growth and the cooling 
down after the growth of the epitaxial structures mainly due to the difference in the 
thermal expansion coefficient and temperature gradient of top and bottom of wafers.  The 
wafer bowing frequently accompanies defect formation such as cracks in epitaxial layers 
and non-uniform growth of the structures across the wafers.  Therefore, in-situ 
monitoring of bowing of the wafers can provide invaluable information of thermal and 
mismatch induced strain, especially for the growth of deep UV APD in which large 
mismatch between AlN and AlGaN layers is inevitable 
 Generally, the temperature is monitored by either thermocouples or pyrometers; 
however, the thermocouples are mounted on the backside of the susceptor where they do 
not necessarily measure the temperature in a correct fashion.  The limited thermal contact 
between the susceptor and the substrate along with the substrate cooling across the 
surface can cause inaccurate temperature measurements.  In contrast to thermocouples, 
optical pyrometers measure the temperature directly on a growing layer or on a substrate.  
Hence, whenever the contact-free temperature measurement is required, the pyrometry is 
the method of choice.   
 The pyrometry is based on the fact that all bodies emit electromagnetic radiation, 
so-called thermal radiation, at any temperature above absolute zero; therefore, the 
temperature of a body can be derived from the measurement of the radiation intensity.  In 
order to determine the temperature of a body from its incandescence intensity, the 
information regarding emissivity is absolutely needed; however, especially in 
heteroepitaxy, the emissivity is changed during the epitaxial growth.  Therefore, a 
simultaneous measurement of the reflectivity of a sample is essential to perform an 
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accurate measurement.  The relation between the radiation emitted by a body at a certain 
wavelength and its temperature is given by Planck’s law. The incandescence intensity of 
a black body is given by the equation 2.1. 
 
λωω dech





h             (2.1) 
 













Fig. 2.1:  Emission of a black body by Planck’s law versus temperature.[36] 
 
 Figure 2.1 shows the emission of a black body at various temperatures ranging 
from 500˚C to 800˚C.[36]  The thermal radiation occurs mainly from the infrared to the 
visible part of the electromagnetic spectrum.  As the temperature rises, the emitted 
radiation power increases and the peak incandescence intensity is shifted towards shorter 
wavelengths (higher photon energy). The estimation of real temperature based on 
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Planck’s law can introduce a large degree of inaccuracy due to the fact that a black body 
shows ideal behavior in its emission and absorption of radiation.  It is assumed that all 
incoming radiation is fully absorbed independent of wavelengths.  It can be explained in 
the same fashion as the emission of radiation.  When it comes to a real body, this has 
never been the case.  The difference between the emission from a real body (P) and that 
from a black body (Ps) can be described by the emissivity in the equation 2.2 
 
sP
PT =),(λε                (2.2) 
 
ε(λ,T) gives the ratio of the emitted radiation with respect to that from a black body; thus, 
Planck´s law needs to corrected by the emissivity in order to estimate the emission of a 
real body as shown in the equation 2.3 
 
λωεε ω dech





h            (2.3) 
 
Another fact that must be taken into account is that the absorption and emission of 
radiation at different wavelengths is affected by the optical properties of growing 
materials as well as the surface roughness.  In order to derive the temperature of a sample 
by measuring its incandescence intensity, the emissivity must be measured as accurately 
as possible; however, the emissivity is often changed during the epitaxial growth due to 
the change in the band gap depending on the temperature.  Also, the measured intensity 
may be affected by optical properties such as substrate properties or refractive index 
during the heteroepitaxy.  Furthermore, the thermal radiation experiences reflections at 
the interfaces between different epitaxial layers or a layer and a substrate.  It can lead to 
constructive and destructive interferences, resulting in significant oscillations of the 
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emitted intensity, depending on the thickness of the growing layer as shown in Figure 2.2.  
This leads to non-existing change in temperature while this reflectance measurement is 




Fig. 2.2:  True temperature measurement during heteroepitaxy.[36] 
 
 The reflectance measurement at the same wavelength as pyrometry is necessary to 
determine the actual emissivity of the substrate during the epitaxy.  The substrate is 
illuminated and the intensity of the reflected light from the substrate is measured.  The 
summation of absorbed (α), reflected (R), and transmitted (t) radiation should be equal to 
the intensity of incident light shown in the equation 2.3.   
 
1=++ tRα               (2.3) 
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For opaque substrates, such as the one-side polished sapphire substrate, the transmission 
through a substrate can be neglected.  In this case, the following equation can be 
established. 
 
1=+ Rα               (2.4) 
 
The emissivity can be derived from the reflectance measurement based on Kirchhoff’s 
law in the equation 2.5. 
 
),(),( TT λελα =              (2.5)  
 
The absorption is equal to the emissivity of a body and the true temperature can be 
determined by applying Planck’s law.  The interference effect during the epitaxy leads to 
oscillations in the reflectance, resulting in oscillations in the emissivity.  In-situ 
reflectance measurement can be used to determine reflected radiation (R) at the substrate 
in the equation 2.6 
 
R−= 1ε                   (2.6) 
 
Thus, the emissivity corrected pyrometry can be performed as shown in Figure 2.3. 
 It becomes more difficult to perform an accurate temperature measurement if a 
transparent substrate such as SiC or both-side polished sapphire is used.  In this case, the 
pyrometer does not measure the temperature of the substrate and it is also affected by the 
underlying susceptor as shown in Figure 2.4.  The substrate temperature can be corrected 
by ∆T between the substrate and the susceptor in the equation 2.7.   
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susceptorsubstratesusceptorsubstrate TTT /∆+=                (2.7) 
This calibration can be carried out using the eutectic point measurement using Al-Si 
substrate.  The true temperature measurement system manufactured by LayTec, GmbH. is 























Fig. 2.5:  In-situ true temperature measurement system. 
 
 The optical sensors have gained much attention in the past few years and 
demonstrated their outstanding suitability in performing in-situ measurements.  In-situ 
reflectance measurement gives direct access to the growing layers and it can be 
implemented through a normal incidence viewport as shown in Figure 2.5.  The 
information obtained during in-situ reflectance measurement can provide detailed 
analysis such as growth rate, layer composition or surface roughness.  It can also be used 
in the emissivity correction of pyrometer for an accurate measurement of the true 
temperature.  The light of a chosen wavelength is impinging onto the layer of interest.  
The intensity of the partly reflected light is measured by a photo diode or a CCD array.  
The intensity of reflected light source is called reflectance (R), for a single interface 
between vacuum and a bulk material with refractive index n and extinction index k.  It is 































+−==            (2.7) 
The refractive index n and the extinction index k show dispersion.  They depend on the 
wavelength of the incoming light and also change with the composition of the layers and 
with the actual substrate temperature.  The intensity of reflected light is measured at a 
single wavelength as a function of time.  If a growing layer is transparent at the 
wavelength of the incoming light, these transients show an intensity-modulation related 
to the interference effect; thus, the periodicity of the modulation can be used to determine 
the thickness and growth rate of the layer.  Part of the incoming light can be reflected at 
the growing surface while the remaining part can be penetrated into the layer and partly 
reflected back at the interface between the substrate and the bottom of the layer.  The 
overall intensity of the reflected light is determined by superposition of all of the 
reflected beams.  The constructive and destructive interference will occur due to the 
phase difference among reflected beams.  It will introduce the intensity modulation of the 




Fig. 2.6:  Reflection of incoming light at a growing layer on an absorbing substrate. 
 







 The phase difference and the intensity of the reflected light at the surface depend 
on the thickness of the growing layer and optical properties of the materials as well as the 
wavelength of the light.  In the case of constructive interference, the maximum intensity 
(peak) of reflectance will occur when the path difference between two beams is equal as 
described in equation 2.8.  For destructive interference, the minimum intensity (valley) of 
reflectance will be obtained when two beams show the difference of an odd number of 
the half wavelength of incident light as shown in the equation 2.9. 
 
λmnd =2               (2.8) 
λ)
2
1(2 += mnd              (2.9) 
 
here n is the refractive index of a material, d is the thickness of growing layer, and m is 
an even number. 
 
Hence, the thickness of the epitaxial layer can be derived by measuring Fabry-Pérot 
oscillations. 
 The intensity of reflectance measurements can be affected by the properties of 
growing layers as well as growth conditions.  The influence of surface quality on the 
intensity of reflected light can appear as ideal growth behavior, i.e. constant intensity of 
maxima and minima.  The amplitude of intensity modulations will be decreased if a 
growing layer absorbs a wavelength of incoming light whose klayer is not zero.  The 
increase in surface roughness during the epitaxy can be seen as the decrease in both 
maxima and minima of reflectance.  The increase in layer-substrate bowing or local 
fluctuations can be seen as the decrease in maxima and the increase in minima of 






Fig. 2.7:  Influence of surface quality on the intensity of reflected light: (a) ideal growth 





























 The bowing occurs due to a temperature difference between the topside of a 
substrate and backside of a substrate during the heat-up, high-temperature growth, and 
cool-down.  Figure 2.8 shows the schematic drawing of LayTec’s EpiCurve® TT system.  
In-situ curvature measurement EpiCurve TT is based on the following relation: the laser 
spot distance (∆XD) is linearly proportional to the bowing (1/RC).  The group III-nitride 
heteroepitaxy on non-lattice matched substrate causes strain build-up to the laser-











)(1            (2.10) 
 
The resolution increases with the initial laser spot distance (∆xo) and the distance between 
the substrate and the detector (ZD).  The convex bowing is seen as negative in km-1 and 
the concave bowing is appeared as positive in km-1.  The relation is schematically drawn 
in Figure 2.9.  The in-situ curvature measurement combined with the reflectance 
measurement and true-temperature measurement provides the full-set of information 
needed for group III-nitride heteroepitaxy.  LayTec’s EpiCurve TT system offers the 
following features. 
 
 Control of curvature 
 Wide band pyrometry at 950 nm for temperature control 
 Wide band reflectometry at 950 nm for emissivity correction 
 Single wavelength reflectometry at 633 nm or 950 nm depending on the 
material system 
 Monitoring of Surface morphology evolution 
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 In-situ monitoring synchronized with wafer rotation 
 Individual wafer monitoring 
 Complete measurement on each wafer and non-wafer area on a susceptor 
 Adjustable probing area depending on a substrate and interest 
 User-definable separate area measurement on a single wafer 
 Monitoring of etching back effect 
 Hardware interface to epitaxial growth system 
 High-temperature database of substrate and optical properties of materials 
 Built-in software algorithm for growth rate simulation 
 
By incorporating EpiCurve TT system into the epitaxial growth, parameters such as 
wafer curvature, growth temperature, reflectance, refractive index, absorption coefficient, 
























Fig. 2.8:  Schematic drawing of LayTec’s EpiCurve® TT system showing distance 
variation between two beams: (a) plane substrate at room temperature (b) substrate bent 
























































2.3 X-Ray Diffractometry 
 X-ray diffractometry (XRD) is an extremely powerful ex-situ structural 
characterization technique for all crystalline material systems due to the periodic nature 
of crystal.  The convenient and non-destructive characterization makes the determination 
of layer parameters such as alloy composition, uniformity of epitaxial layers, thickness, 
built-in strain and strain relaxation, and crystalline perfection related to the dislocation 
density possible.[37, 38]  In addition to in-situ analysis tool, XRD makes it possible to 
correlate the structural properties of materials to the design of epitaxial growth processes.  
The reciprocal space is basically a three-dimensional Fourier transform of the real space 
periodicity.  Just as other diffraction techniques, XRD probes the reciprocal space 
periodicity.  Consequently, if a perfect crystal structure is given by three-dimensional δ-
functions, each reciprocal space point should have zero spread with infinite height, but as 
for the real crystal structures, these peaks are broadened due to the presence of defects 
such as dislocations or stacking faults.  Thus, the broadness in a peak, called “full-width 
at half-maxima” (FWHM), can be used as a good indicator of the material quality. 
 All of the XRD data presented in this dissertation are taken using Philips X’Pert® 
MRD (Material Research Diffractometer) high-resolution (0.0001°) X-ray diffractometer.  
For X-ray rocking curve and reciprocal space mapping setup, point source of X-ray 
(characteristic Cu Kα1 and Kα2 radiation: λ=1.5405 and 1.5443 Å, respectively) is 
collimated and monochromated by a four-crystal (i.e., four reflections) Ge (220) 
monochromator (Bartels monochromator [39]) to achieve high angular resolution.  The 
four-crystal monochromator is the key element for higher angular-resolution diffraction 
measurements relative to a normal double-crystal diffractometer.  The Monochromated 
and collimated primary X-ray beam (λ = 1.5405 Å) (k0) is diffracted from a particular set 
of planes of the sample and then the diffracted beam (k) is detected by either one of 
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detector positions.  Figure 2.10 shows a schematic drawing of the Philips X’Pert MRD X-
ray diffractometer.  The diffractometer features a high-slew-rate, high-accuracy 
goniometer with 0.0001° step resolution for the sample cradle.  The sample cradle can be 
translated along the x-axis, y-axis, and z-axis (sample height).  It can also be rotated along 
the ω-axis (θ-axis, sample rocking), φ-axis (sample rotation), and ψ-axis (sample tilt).  
The detector and the sample cradle can be rotated about the rocking axis independently or 
coupled with each other at the same offset angle.  The X’Pert MRD includes a secondary 
optics assembly: detector 2 for the X-ray rocking curve and detector 1 with an analyzer 
crystal for the reciprocal space mapping (RSM).  The analyzer crystal section makes use 





















 Lattice planes in three-axis (a, b, and c) crystals are indexed by Miller indices (h k 
l).  (h k l) indicates the first plane in the family from the origin intercepting a/h, b/k, and 
c/l on the axes.  Bragg’s law in equation 2.11 describes the diffraction of x-rays by 
different crystallographic planes in a crystal. 
 
Bhkldn θλ sin2=            (2.11) 
 
In equation 2.11, n is the diffraction order as an integer, λ is the X-ray wavelength, dhkl is 
the spacing between adjacent crystallographic planes, and θB is the Bragg angle of 
incidence and diffraction to the plane.  The incident beam and diffracted beam are always 
coplanar; therefore, the angle between the diffracted beam and transmitted beam is 
always 2θ.  For most crystals, dhkl is ~ 3 Å.  The diffracted beams will have the 
destructive interference if Bragg’s Law is not satisfied.  If the beam path of AB+CD is a 
multiple of X-Ray wavelength λ, two waves will give the constructive interference.  It is 














The parameter dhkl is defined differently for each Bravais lattice because of the different 
relationships among the crystallographic axes. The lattice spacing of plane (h k l) for a 
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=        (2.13) 
 
Equations 2.11 and 2.12 (or 2.13) provide correlations between specific planes and Bragg 
angles for the wavelength of X-Ray λ.  Thus, for a symmetric plane i.e. (0 0 l), the c-axis 
of a hexagonal crystal can be determined from a single symmetric scan using the two 
equations (2.11 and 2.13) described the above. 
 One of the most frequently employed XRD scans to analyze epitaxial layers is a 
rocking curve (ω-scan).  In this geometry, the detector is kept at a fixed angle with 
respect to the primary beam (2θ) while the sample is rocked or rotated with respect to the 
axis perpendicular to the schematic diagram shown in Figure 2.10.  Symmetric rocking 
curves are commonly used to determine the c-lattice constants of relatively lattice-
matched materials; however, in this configuration, the detector is not moved along with 
the sample, resulting in only a small angular probing range of approximately 1°.  In the 
case of the group III-Nitrides grown on non-lattice matched substrates such as sapphire, 
Bragg angles for epitaxial layers are much smaller than that of the substrate so that a 
rocking curve cannot provide the non-lattice matched information between the epitaxial 
layers and the substrate.  For group III-Nitrides, large degrees of mismatch exist; 
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therefore, rocking curve (ω-scan) can be used to determine the relative crystalline quality 
among samples.  On the other hand, an asymmetric rocking curve on a plane such as (1 0 
1  2) or (1 0 1  4) can provide more information because the full-width half-maximum 
(FWHM) of these peaks are sensitive to threading dislocations. 
 The other technique for the characterization of highly mismatched layers is the ω-
2θ scan.  In this diffraction condition, the detector moves at twice the angular rotation 
rate of the sample (ω) so that the measured diffraction angle remains equal to the incident 
beam angle.  The angular spread of the diffracted beam is not measured; therefore, the 
diffraction peaks are narrower and do not overlap as much as in the ω scan. 
 A two-dimensional mapping of reciprocal lattice is obtained through the 
combining a ω-2θ scan with ω-scan along reciprocal lattice points as shown in Figure 
2.12.  This technique is called reciprocal space map (RSM) and is particularly useful in 
determining the strain condition in epitaxial heterostructures.  An asymmetric RSM is a 
direct measurement technique that does not require any assumptions about the strain 
condition in the material in order to calculate composition, while a symmetric RSM 



















Fig. 2.12:  (a) Schematic illustration of ω-2θ scan and ω-scan along reciprocal lattice 
points for RSM (b) RSM schematic illustration for epitaxial layer with smaller lattice 






2.4 Atomic Force Microscopy 
 Atomic force microscopy (AFM) invented by Binning, Quate, and Gerber in 1986 
employs a microscopic probe tip (non-conductive Si tip in this study) to probe surface 
features of an epitaxial layer of interest in a raster scan.  The important performance 
parameters for AFM tips are the aspect ratio, the radius of the curvature, the opening 
angle, the overall geometrical shape, and the tip material.  Certain probe tip manufactures 
utilize a carbon nanotube structure onto AFM tips for the enhancement of resolution and 
durability.  AFM is a very useful non-destructive measurement technique to determine 
the overall surface smoothness or features in the three-dimensional platform, growth 
mode during the epitaxy, and defect density, but it requires relatively longer time for 
analysis.  Basically, the surface morphology is generated by plotting the force to track the 
surface features with equal distance between the probe tip and the layer surface.  In detail, 
the tip is mounted at the end of a cantilever, bending in response to the force between the 
tip and the sample.  As the cantilever flexes, the light from a laser is reflected onto the 
photodetector.  Changes in the bending of the cantilever can be measured by evaluating 
the difference between the incoming signal and the reflected signal.  The AFM tool used 
to analyze surface morphology of samples in this dissertation was a Veeco Dimension 
3100® with the Olympus AC160® tip with resonant frequency of 300 KHz and spring 
constant of 42 N/m.  Contact mode or tapping mode is the method of choice for surface 
profiling; however, if the surface of a sample is not smooth enough, the oscillation 
amplitude of a cantilever cannot track the features on the actual surface instantaneously.  
In addition, the contact mode is generally recommended for small area scans, for example 
1×1 µm2, because of the friction between the tip and the surface.  Hence, all of the 
measurements were carried out in a tapping mode. In addition to these, torsional 
resonance (TR) [41] mode is also available for certain AFMs.  The TR mode measures 
and controls dynamic lateral forces between the probe tip and the sample surface.  With 
the aid of the advanced sensing hardware and electronics to characterize torsional 
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oscillations of the cantilever, the TR mode enables a detailed examination of in-plane 
anisotropy.  Also, it can provide new perspectives in the study of structures and 
properties of group III-V materials.  The operation of tapping mode is illustrated in 






















2.5 Nomarski Optical Microscopy 
As-grown sample generally goes through the inspection process by Nomarski 
optical microscopy after the material growth is completed.  The smooth surface does not 
necessarily guarantee the desired characteristics of epitaxial layers; thereby, having high 
performance of the devices.  However, the rough surface features on as-grown surface are 
the indication of wrongfully chosen growth parameters or other issues with preparation or 
growth process.  For example, hexagonal pits on GaN or AlN surface are generally the 
indication of low growth temperature and hill-locks on GaN surface suggest a three-
dimensional enhanced growth mode rather than two-dimensional growth mode.  In case 
of AlGaN on GaN, the strain relaxation can be seen as cracks on the surface.  Nomarski 
employs a differential interference contrast (DIC) technique; thus, it provides excellent 
sensitivity for the observation of surface roughness.  The optical microscope resolution 







d =                                                 (2.14) 
 
Here λ is the wavelength used to illuminate an object, n is a refraction index of the 
medium through which λ travels, and α is an aperture angle.  The maximum resolution 
that can be achieved using blue-green light (λ ~ 400 nm) incorporated into the Nomarksi 





2.6 Scanning Electron Microscopy 
Scanning electron microscopy (SEM) is commonly used to view the surface 
features or cross-sections of as-grown samples or fabricated devices.  SEM offers several 
advantages over other microscopy such as optical microscope or  transmission electron 
microscope (TEM) due to its high resolution with relatively short, simple preparation 
step.[43]  Electrons accelerated to a high kinetic energy up to 35 KeV are used as a 
radiation source.  The wavelength of accelerated electrons (λ in nm) is based on 









=λ                                     (2.15) 
 
Here h is Planck constant (4.136×10-15 eV⋅s), c is the speed of light in vacuum (2.998×10-
1 nm/s), e is the electron charge (1.602×10-19 C), V is potential difference [V], and me is 
the electron mass (9.109×10-28 g).  It enables high resolution down to a few nanometer 





Fig. 2.15:  Schematic illustration of a SEM column.[44] 
 
2.7 Secondary Ion Mass Spectroscopy 
 Secondary ion mass spectrometry (SIMS) is an analytical characterization 
technique which detects very low concentrations of atoms such as impurities or dopants 
with respect to the primary elements of the material of interest.  It can provide a wide 
range of elemental depth profiles from a few angstroms to tens of microns.  SIMS works 
by sputtering the sample surface slowly with focused primary ion beams, producing the 
physical damage.  The ejected secondary ions are extracted and analyzed using a mass 
spectroscopy system.  In SIMS, if an ejected atom is not charged, it cannot be analyzed in 
a mass spectrometer.  The number of ions ejected per incident primary ion is called the 
secondary ion yield.  It can be plotted against the sputtering time; however, this can be 
meaningful when the secondary ion yield is scaled to a unit of atomic concentration in 
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comparison with previous calibration runs using ion-implanted samples and the 
sputtering time is scaled to a unit of depth by scaling with the depth of the hole formed 
when the sputtering is completed.  One of the limitations often observed during SIMS is a 
high concentration of any elements abundant in nature, such as carbon, nitrogen, or 
oxygen at the surface, showing gradual decrease into the material by implantation of 
these species by the primary ions.  SIMS data presented in this dissertation were gathered 
by Evans Analytical Group. 
 
2.8 UV-Visible Photospectrometry 
The optical transmittance measurement is a characterization technique which can 
be used to determine the absorption wavelength, the opacity, and the alloy composition of 
as-grown epitaxial layers on a wider-bandgap substrate.  Photons lose their energy as they 
excite electrons from the valence band to the conduction band.  Photons directed toward a 
surface of as-grown epitaxial layers have a very high probability of being absorbed if 
their energy is greater than the bandgap energy of the sample.  Otherwise, photons are 
transmitted through the epitaxial layers.  The bandgap energy can be calculated from 
basic information and the alloy composition for ternary nitride materials can also be 
determined.  Details regarding the determination of bandgap energy and alloy 
composition can be found in the following literature.[45,46,47,48,49] 
 As mentioned, the optical transmittance measurement can provide the bandgap 
information.  The broad transmittance cut-off essentially means that the material absorbs 
below band gap, which indicates that the energy band diagram of a material has states in-
between the two band-edges.  There is a conduction band edge and a valence band edge; 
nevertherless, an electron cannot have an eigenstate with energy in-between based on a 
band theory.  As a result, the minimum energy of absorption has to be the bandgap 
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energy; however, defects and impurities can change the Hamiltonian so that there can be 
solutions to the Schrodinger's equation with energy eigenvalues, creating new energy 
states in between two bands.  Thus, there can be absorptions below the bandgap energy.  
If a material has a small number of defects, the optical transmittance spectra will show 
sinusoidal oscillations for wavelengths below the bandgap and a sharp decay at the 
bandgap energy as compared to the case of broad transmittance cut-off in Figure 2.16.  
The oscillations are due to microcavity effect, which occurs when an epitaxial layer 
creates a very small cavity; therefore, in the case of thicker epitaxial layer, the sinusoidal 
part is seen to have more oscillations than that of thinner layer.  With the substrate 
(generally too thick with respect to epitaxial layers), the cavity becomes too large so that 
positions of the maxima and minima of oscillations become too close, which cannot be 
detected. 
 
Fig. 2.16:  Examples of optical transmittance spectra showing broad cut-off versus sharp 

























2.9 Photoluminescence Measurement 
 Photoluminescence (PL) refers to the measurement of the spontaneous emission 
spectrum of a direct bandgap semiconductor material that is being excited by a laser.  The 
photon energy of the incident laser beam must be high enough to generate electron-hole 
pairs across the bandgap of the material being characterized.  The electrons and holes go 
through either a radiative or non-radiative recombination process.  When the photons via 
radiative recombination are measured as a function of wavelength, the data can be used to 
determine the bandgap of a semiconductor.  Also, it can provide information regarding 
defect states within the bandgap.  A direct bandgap energy material that can be analyzed 





hcEg            (2.16) 
 
In this equation, Eg is the bandgap energy of a material in eV and λ is the wavelength of a 
laser in nm.  The 266 nm Q-switched Nd:YAG laser in the Accent Optical Technologies 
RPM-2000 system used for the study is capable of measuring photoluminescence 
characteristics of a semiconductor material up to 4.698 eV. 
 
2.10 Hall-Effect Measurement 
 Hall-effect measurement is a simple characterization technique which can be used 
to determine the Hall mobility and concentration of the majority carrier in epitaxial layers 
grown on non-conductive substrates.  It can be accurately applied to the case when only 
one epitaxial layer is intentionally doped and the layer thickness is known.  The basic 
physical principle underlying the Hall-Effect is Lorentz force given by equation 2.17. 
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is electric field, vr is velocity of carrier, and B
r
is magnetic field.  As an electron 
moves along the direction perpendicular to an applied magnetic field, it experiences a 
force acting normal to the direction of a magnetic field and moves in response to this 
force and the force applied by the internal electric field.  If a constant current flows along 
the one direction (x-direction) in the presence of a magnetic field parallel to z-direction, 
electrons subjected to Lorentz force drift away from the direction of the current flow (in 
the y-direction), resulting in the excess charge on one side of the sample.  This excess 
charge is the source of the Hall voltage (VH).  For n-type material, the sheet carrier 







=             (2.18) 
 
As shown in the equation 2.19, the sheet resistance (RS) can also be determined by use of 
the van der Pauw resistivity measurement technique. [50] 
 




H == r               (2.19) 
 
The variable-temperature Hall-Effect measurement provides the information about the 





2.11 Resistivity Mapping 
The resistivity mapping is employed to determine the uniformity of the electrical 
characteristics of as-grown epitaxial layers.  Resistivity measurements were performed in 
this study using a contactless measurement system manufactured by Lehighton 
Electronics Inc. LEI-1510C®, which utilizes an eddy current technique to obtain the 
sheet conductance or resistance and bulk conductivity or resistivity.  The measurement 
configuration, such as the number of measurement points as well as spatial distribution is 
all user-definable.  A magnetic coil, driven by alternating current, drives the 
measurement system.  A conductive epitaxial layer responds to the time-varying 
magnetic fields from the transducer; therefore, the layer of interest must have a greater 
conductance than any other layers, including the substrate.  Due to this limitation, in the 
case of a conducting substrate such as n-type 6H SiC, the resistivity has to be determined 
by an alternative method, e.g., Hall-effect measurement. 
 48
CHAPTER 3 
DEVELOPMENT OF UV AVALANCHE PHOTODIODES 
3.1 Introduction 
 A wide variety of group III-Nitride-based photonic devices have become of great 
commercial importance in the past decade.  These devices have exploited the 
heteroepitaxial growth of III-N layers on relatively large-area, low cost sapphire and SiC 
substrates.  Photodiodes based on III-N materials can provide improved receiver 
sensitivity, low noise, and low dark current densities for short-wavelength radiation in the 
ultraviolet (UV) spectral region.  However, for these detectors to compete with 
photomultiplier tube (PMT) technology in many applications, they are required to have a 
very high sensitivity and, for optimal sensitivity, they should also operate in Geiger 
mode, requiring stable avalanche breakdown characteristics.  Wide-bandgap UV 
avalanche photodiodes (APDs), consisting of GaN and SiC p-i-n diodes, have 
demonstrated extremely low leakage currents at 300K and radiation-hardened advantages 
over photodetectors fabricated in all other currently available semiconductor material 
systems.[51,52,53,54,55,56,57]  However, wide-bandgap Geiger-mode UV avalanche 
photodiodes demonstrated to date suffer from a relatively high dislocation and defect 
density, resulting in a low device performance uniformity and a low yield.[57,58]  III-N 
wide-bandgap “intrinsically” deep-UV avalanche photodiodes operating at wavelengths λ 
< 280 nm have not yet been developed, especially devices operating in Geiger mode.  
Even though there have been several reports on APDs grown on sapphire and SiC 
substrates, the yield of working devices is known to be extremely low, mainly due to the 
high density of defects in device epitaxial structures which originate from misfit 
dislocation during heteroepitaxy.  In contrast, photomultiplier tubes (PMTs) offer high-
sensitivity UV detection with a photocurrent gain as high as 106 [59]; however, PMTs 
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require a high-voltage power supply (> 1,200V) and are relatively fragile and expensive.  
Due to their compact footprint and material characteristics, APDs are small, stable, and 
less expensive in comparison to PMTs.  Ultraviolet-enhanced Si avalanche 
photodetectors (UV APDs) can also be used in UV detection systems, but these detectors 
require complex filters for solar-blind operation, and have demonstrated photon-counting 
only to λ ~ 400 nm [60]. 
 It is becoming clear that growth on low-dislocation-density “bulk” III-N 
substrates has several intrinsic advantages for advanced high-performance devices 
required for critical applications.  UV APDs, a prime candidate for high-sensitivity UV 
photodetection in a wide variety of sensing applications such as ozone or flame detection 
in the range 350 ~ 200 nm, is one example.  Also, UV APDs based on the AlGaN-GaN 
material system provide the required detection capabilities in the λ ~ 350 nm spectral 
band relevant for bioagent detection.  The development of GaN- and AlGaN-based p-i-n 
APDs, however, has been hampered by high dislocation densities in the epitaxial layers, 
commonly observed in III-N heteroepitaxial growth.  The high density of defects and 
dislocations can lead to a premature microplasma breakdown in the active region of the 
detector before the electric field in the depletion region can reach the bulk avalanche 
breakdown field, which has been a major issue for GaN-based APDs.[54,61]  This is 
especially true for deep-UV APDs.  Larger-area APD devices failed to work due to the 
higher probability of the incorporation of defects in the active area and AlGaN-based 
APD on sapphire has never been demonstrated. 
 In order to minimize the dislocation density of the devices, the growth of GaN 
and AlGaN p-i-n UV avalanche photodiodes described in this dissertation was carried out 
by metalorganic chemical vapor deposition (MOCVD) on low-dislocation density (<105 




3.2 Technological Challenges 
 The wide-bandgap semiconductor avalanche photodiodes offer potentially 
important advantages in terms of low leakage currents, high radiation hardness, and 
excellent wavelength selectivity for photon detection in deep UV.  However, high 
dislocation densities, poor device performance uniformities, and hence low device yields 
have been major barriers for these devices to be commercialized.  “Visible-blind” UV 
APDs have been demonstrated in GaN and 4H-SiC materials (Eg = 3.26 eV); however, 
APDs made based on the GaN material system have exhibited low yields due to the lack 
of availability of low-dislocation-density “native” substrates and epitaxial 
materials.[63,64,65,66]  The uniformity of SiC APDs is limited by micropipes and other 
defects.  In addition, SiC is an indirect bandgap material, therefore, the absorption is not 
strong enough at wavelengths just above bandgap.  The badngap is not large enough to 
achieve solar-blind (λ ~ 280 nm) and the SiC material system does not have the 
capability to design peak absorption wavelength.  While GaN and SiC by themselves are 
not suitable for “intrinsically” deep UV APDs due to their relatively low bandgap 
energies, deep UV APDs having acceptable rejection can be achieved with these 
materials by having appropriate filters.  Due to their wider and direct bandgap nature, 
GaN-based materials, such as AlGaN or AlInN, will enable heterojunction and intrinsic 
deep UV APDs to be fabricated in a single material system. However, the lack of a 
comprehensive understanding of the III-N material systems for Geiger-mode APD 
applications impedes the progress of such photon detection technologies.  Extensive 
investigation of the semiconductor materials growth process as well as on device 
operation and device structure design and processing will therefore be needed before the 
inherent advantages of GaN-based deep UV APDs can be exploited.  To address these 
technological challenges, the MOCVD growth development will be intensively studied 
for the realization of low-defect-density GaN-based materials such as GaN, AlGaN, 
AlInN, or InAlGaN novel device structures grown on high-quality bulk III-N substrates. 
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 Despite the suitability of the AlGaN material system, a number of impediments 
related to the material growth exist in the path of development of such photodiodes.  To 
enumerate: 
 
Material Quality: Largely due to unavailability of suitable substrate for homoepitaxy, 
materials in the nitride system have to be grown heteroepitaxially with c-plane (0001) 
sapphire substrate and hexagonal SiC as the most popular substrates which suffer from a 
large lattice and thermal expansion coefficient mismatch.  The growth of a relatively 
thick AlxGa1-xN APD structure on GaN templates or compatible substrates introduces 
technological hurdles such as imperfect materials quality due to dislocations and strain 
and even strain-induced cracking, as well as a limitation in doping, etc.. A high 
dislocation density is introduced during the nucleation of the first nitride layer and they 
tend to thread upwards.  The high dislocation density is known to be detrimental to the 
optical and electrical performance of the devices.   
 
n-type doping: Although n-type doping for the nitrides is generally relatively easy, it is 
not so for the high Al content AlGaN, which is requisite for the development of deep UV 
APDs.  It is known that as Al content surpasses ~ 40%, it becomes extremely difficult to 
obtain a high doping density and low resistivity.  Furthermore, at high Si dopant 
concentrations, the films tend to crack.  For front-contacted mesa geometry, the 
importance of the n-layer underneath is extremely high.  In mesa geometry, compared to 
the thin (less than 1 µm) p-layer that the carriers have to traverse vertically, for the n-
layer, the carriers have to traverse a much larger distance (hundreds of µm) horizontally.  
As a result, the n-layer has a larger effect on the overall forward resistance of the device, 
which in turn is of high importance because of the requirement of obtaining a high 
current density.  Also, the high n-layer resistivity leads to current crowding towards the 
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edge of the mesa, where material quality is poor due to etch related damage leading to the 
potential for high leakage and premature breakdown of devices. 
 
Active Region: For photonic device purposes, e.g. p-i-n APDs, the structure of the active 
region is of high importance.  Theoretically, a wide bandgap material such as GaN 
exhibits the extremely low reverse leakage current due to the very low intrinsic carrier 
concentration of ~1.9×10-10 cm-3 at room temperature [ 67 ]; however, the carrier 
concentration in the unintentionally doped GaN on sapphire or SiC substrate is known to 
be ~1016 cm-3.  In this case, a relatively large leakage current can exist in the reverse bias 
regime; thereby, causing the device failure before the onset of avalanche breakdown.   
 
p-layer: In the AlGaN material system, obtaining reasonable p-type doping is difficult 
because of high activation energy of acceptors.  The activation energy for p-type 
GaN:Mg is approximately 160 meV [68] and it increases by ~ 3 meV as Al content 
increases in the material system.  This is a theoretical hurdle.  The low free hole 
concentration translates into higher p-layer resistivity.  It is also difficult to make good 
quality ohmic and low resistivity metallization contact to the p-layer.  
 
3.3 Epitaxial Growth Development 
 Generally, it is found that high pressure growth is conducive to better material 
quality.  However, particularly for AlGaN growth, at a higher pressure it is practically 
impossible to obtain high Al composition because of parasitic reaction.  As a result, the 
Thomas-Swan reactors use a close spacing between wafer carriers and the process-gas 
showerhead.  Hydrogen (H2) or Nitrogen (N2) was used as the carrier gas mixed with 
ammonia (NH3) as the group V hydride precursor and with EpiPureTM [ 69 ] 
trimethylgallium (TMGa) and trimethylaluminum (TMAl) as the group III alkyl 
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precursors.  Silane (SiH4) and bis-cyclopentadienyl magnesium (Cp2Mg) were used as the 
n- and p-type dopant precursors, respectively.   
3.3.1 Material Growth of GaN 
 For the growth of GaN on sapphire, a low-temperature buffer layer or nucleation 
layer is required to overcome the lattice mismatch and improve the material quality of the 
subsequently grown epitaxial layers.  The GaN amorphous buffer layer reduces the 
interfacial free energy related to the lattice mismatch; thus, the development of optimized 
growth conditions for the buffer layer is one of key technologies that control the material 
quality of subsequently growing layers of GaN-based materials.  A properly grown low-
temperature buffer layer provides a large number of nucleation sites for the subsequent 
high-temperature growth, resulting in the conversion of the growth mechanism from 
three-dimensional (3D) islands to quasi-two-dimensional (2D) growth.  It is known that 
the thickness of a low-temperature GaN buffer layer plays a role in terms of the overall 
material quality for the subsequently grown high-temperature epitaxial layers.  The low-
temperature buffer layer technique was investigated by Amano et al. [5] and others. 
[70,71,72]  T. Ito, et al. has also found the optimum thickness of the AlN buffer layer to 
be 20 nm from the relationship between the buffer layer thickness and the crystallinity of 
GaN layer.[73]  The relationship of the growth parameters for a buffer layer such as the 
growth temperature, thickness, V/III ratio, growth rate (Rg) or thermal annealing was also 
published.[74,75,76,77,78]  However, there is no report published yet regarding the effect 
of a low-temperature buffer on the strain condition in the epitaxial layers and the overall 
material quality of subsequently grown epitaxial layers.   
The optimized growth condition for a high-quality, thick GaN layer using Thomas 
Swan 7×2 MOCVD reactor was established by the incorporation of relatively high 
pressure of 500 Torr to low-temperature GaN buffer layer.  The narrow line width of the 
peak from X-ray rocking curve represents the excellent buffer layer quality.  Rocking 
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curves for symmetric and asymmetric scans are shown in Figure 3.1.  The full-width at 
half-maxima (FWHM) values of (002) and (102) rocking are 260 arc-s and 340 arc-s, 
respectively.  For further improvement of GaN, the thickness effect of low-temperature 
buffer layer on the crystalline quality and the strain condition of subsequently grown 
high-temperature GaN layers were studied.  Table 3.1 summarizes the growth conditions 
and the results for the thickness effect study on the buffer layer.  As the thickness of low-
temperature GaN buffer layer increases, the line width of rocking curves slightly 
increases; however, the subsequently grown high-temperature GaN shows the reduction 
of the surface bowing and the smallest curvature value in km-1 at the growth time of 100 
seconds for low-temperature GaN buffer layer.  However, as the buffer layer thickness 
increases beyond its critical thickneses, the high-temperature GaN experiences the high 













Figure 3.1:  The full-width at half-maxima (FWHM) of (002) and (102) rocking for high-
temperature GaN grown on sapphire substrate. 
 
 












FWHM (002) ~ 230 arc-s
FWHM (102) ~ 330 arc-s
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Table 3.1:  Summary of growth parameter and result for GaN grown on sapphire. 
Sample 
Growth time for 








Curvature (1/R) for 
high-temperature GaN 
(km-1) 
A 80 234 331 58 
B 100 259 338 45 
C 120 270 338 50 














Figure 3.2:  Thickness effect of low-temperature GaN buffer layer on the crystalline 
quality and strain condition of high-temperature GaN on sapphire.  
 
 
For successful structural design of devices from epitaxial growth, the growth rate 
for different layers or component of the device structure is one of the parameters that first 
need to be established.  There are several parameters such as growth temperature (Tg), 
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the growth rate of GaN.  To determine the growth behavior of GaN at high temperature, 
the following relationship is established based on growth parameters. 
Growth rate (Rg) = Adsorption rate (Ra) – Desorption rate (Rd)  (3.1) 
In the relation (3.1), the adsorption rate should be proportional to the molar flow 
rate (µmol/min) of the group III precursor (TMGa); however, it could be affected by the 
adduct formation in the vapor phase.  If the growth temperature, growth pressure, and the 
group V precursor (NH3) is applied in the same fashion, the effect by the adduct 
formation should be constant.  Unlike the growth of AlGaN or InGaN based material 
system, the effect of NH3 on the growth rate is thought to be minimal in case of GaN 
growth.  The desorption rate is a function of growth temperature, growth pressure, and 
the group V precursor flow rate; hence, the adsorption rate can be calculated as only a 
function of one parameter described above while the others are fixed.  The study on the 
Desorption rate was carried out with the variation of NH3 flow only. 
The growth rate and the desorption rate were calculated by conducting the 
following experiments.  During the high-temperature GaN growth, the TMGa flow rate 
was varied while the same growth temperature, growth pressure, and NH3 flow rate were 
applied, then, the etching of GaN was followed by the variation of NH3 flow rate under 
the same growth temperature and the same growth pressure.  The adsorption rate was 
determined by calculating the summation of the growth rate and desorption rate at a fixed 
NH3 condition. Then, the calculated adsorption rate can be used for the estimation of the 
adsorption rate at other NH3 flow rate conditions.  Finally, the calculation of the growth 
rate from the relationship (3.1) was performed under the different flow rate of TMGa and 






























































































































Figure 3.3:  In-situ analysis of growth rate and desorption rate for GaN on sapphire with 
variation of precursor flow rates: at growth pressure of (a) 200 Torr (b) 100 Torr. 
 58
In-situ reflectance measurement during the variation of group III and group V 
precursor flows is shown in Figure 3.3.  TMGa flow rate in the ideal molar flow rate 
(MRF)  was varied from 258.1 µmol/min (60 sccm) to 193.6 µmol/min (45 sccm) and 
reduced to 86.05 µmol/min (20 sccm).  For desorption rate, NH3 flow rate was decreased 
from 0.223 mol/min (5000 sccm) to 0.134 mol/min (3000 sccm) and lowered to 0.045 
(1000 sccm) mol/min to introduce the intentional etching effect without the presence of 
TMGa flow.  A similar experiment was also carried out at the growth pressure of 100 
Torr to establish the effect of pressure on the growth rate. 
Using a wavelength of 633 nm in a EpiTT® in-situ analysis tool by LayTec 
GmbH, adsorption rate, desorption rate, and growth rate were calculated.  Growth rate 
calculations depending on the variation of the group III and group V precursor flow rate 
at 200 Torr and at 100 Torr are summarized in Table 3.2.  Comparison of growth rate, 
adsorption rate, and desorption rate versus precursor flows is plotted in Figure 3.4.  The 
GaN growth rate is linearly proportional to the TMGa flow rate.  As the growth pressure 
decreases, the growth rate increases at the fixed NH3 flow of 5000 sccm as shown in 
Figure 3.4 (a).  As the growth pressure changes, the adsorption rate is also linearly 
proportional to the TMGa flow rate just as in the case of growth rate as plotted in Figure 
3.4 (b).  The desorption rate increases as the growth pressure decreases and NH3 flow rate 
decreases; however, unlike the experiment at 200 Torr, there is non-linear behavior 









Table 3.2:  (a) Growth rate, adsorption rate and desorption rate at the growth pressure of 
200 Torr for GaN on sapphire substrate. (b) Growth rate, adsorption rate and desorption 
rate at the growth pressure of 100 Torr for GaN on sapphire substrate. 
 







60 174.9 0.771869640 
45 247.9 0.544574425 
20 772.6 0.174734662 







5000 1429.6 0.094432009 
3000 1010.9 0.133544366 








60 170.9 0.866301649 
45 238.3 0.639006434 
20 393.5 0.269166671 
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60 170.9 0.789935635 
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(c) 
Figure 3.4:  Comparison plot: (a) Growth rate TMGa flow rate at NH3 = 5000 sccm (b) 
Adsorption rate versus TMGa flow rate (c) Desorption rate versus NH3 flow rate. 
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One important issue regarding the growth rate calibration is the determination of 
an accurate growth rate.  Using three of the available growth rate calibration equipments 
which are LayTec EpiTT system, Accent Optical Technologies RPM-2000 system, and 
JEOL 6400 FV SEM, growth rate calibration methods are compared.  First, the EpiTT 
growth rate and thickness calculation utilized the in-situ reflectance measurement at the 
growth temperature.  The reflectance versus growth time is obtained using the 
wavelength of 633 nm.  This method could be affected by the thermal expansion along c-
axis and the change of refractive index as a function of temperature.  Second, the 
thickness calculation by the RPM-2000 system employs the ex-situ reflectance 
measurement at room-temperature.  The growth rate is calculated based on the 
reflectance versus wavelength at room-temperature.  The thickness calculation by RPM-
2000 system could be affected by the dispersion relation of refractive index.  Last, the 
thickness calculation from the cross-sectional SEM relies on the image contrast of cross-
section of the epitaxial layer.  In this case, the thickness measurement could be affected 
by blurred contrast at the interface and the calibration condition of SEM thickness 
measurement tool.  These three tools offer the following growth rate calibrate methods. 
 
 EpiTT calculation using n and k fitting based on Fabry-Pérot oscillation  
 EpiTT calculation based on Fabry- Pérot oscillation using pre-defined n 
and k 
 EpiTT calculation using n and k fitting based on sinusoidal wave 
 EpiTT calculation based on sinusoidal wave using pre-defined n and k   
 RPM2000 thickness mapping using built-in GaN materials database 
 RPM2000 thickness mapping using entered n value  




For accuracy of the in-situ measurement at growth temperature, the effect of 
thermal expansion along c-axis for GaN needs to be established.  The lattice constants of 
GaN ranging from 294K to 753K were measured by M. Leszczynski, et al.[79]  The 
thermal expansion coefficient α along the c-axis is linearly proportional to temperature of 
approximately 600K to 800K show in Figure 3.5.  Assuming the linear behavior, thermal 
expansion along the c-axis is extrapolated to a higher temperature regime.  
Approximately 0.46% of the thermal expansion along the c-axis is obtained at 1300K 
(~1030˚C).  However, the thermal expansion coefficient α tends to be higher as 
temperature increases; therefore, the thermal expansion along the c-axis at 1300K can be 
estimated to be approximately 0.5 ~ 0.6%.  The potential inaccuracy of the EpiTT growth 















Figure 3.5:  Thermal expansion along the c-axis versus temperature.  Assuming linear 
thermal expansion coefficient, α is extrapolated to higher temperature based on α 
measured by M. Leszczynski, et al.[79] 
Assuming liner thermal expansion 
coefficient, α is same as in T range 
600K ~ 800K









GaN:ud on sapphire substrate (sample #: 1-0329-5) was selected to compare 
calculation models in the EpiTT system and RPM 2000 system.  In-situ reflectance data 
for comparison of growth rate calculation measured by EpiTT during GaN growth on 
sapphire is shown in Figure 3.6.   
 
 
Figure 3.6:  In-situ reflectance measurement during GaN growth on sapphire substrate 
using 633 nm. 
 
Three models were employed to analyze the in-situ reflectance data shown in 
Figure 3.6 using the EpiTT growth rate and thickness calculation system.  To enumerate:   
 
 n and k fitting based on Fabry- Pérot oscillation  
 n and k fitting based on sinusoidal wave 
























 n and k fitting based on the Fabry-Pérot oscillation is not suitable for less than one peak 
while the others are not suitable for analysis with multiple peaks.  The following scheme 
was applied in terms of peak selection for growth rate calculation.  Three different 
schemes for peak selection were incorporated: Multiple peaks with more than three peaks, 
slightly more than single peak but less than two peaks, and slightly less than single peak.  
Table 3.3 summarizes the comparison among each growth rate calculation method using 
the appropriate peak selection scheme.  Approximately a 0.5% difference of calculated 
growth rate is observed between peak selection schemes when the Fabry-Pérot oscillation 
model is applied.  Also, sinusoidal wave model shows approximately a 0.5% difference 
depending on the pre-defined refractive index value for GaN.  The high error range found 
in the sinusoidal wave model may be attributed to the less-than-single peak selection. 
There is approximately 10% difference in growth rate of GaN between the Fabry-Pérot 
oscillation model and the sinusoidal wave model. 
 
Table 3.3:  Comparison of EpiTT growth rate calculation. 
 
 
GaN:ud on sapphire substrate (sample #: 1-0329-5) was chosen for the growth 
rate calculation using the Accent Optical Technologies RPM-2000 system.  Two methods 
were compared.  One is the thickness mapping based on the built-in GaN materials 
database and dispersion relation and the other is the thickness mapping using the pre-
defined (entered) refractive index (n) value for GaN.  The refractive index values of 2.35, 
2.33 and 2.337 were used for comparison. 
Method Peak selection
n error range error % k error range error % R (nm/s) error range error %
FPO using n k fittig multiple peak 2.533 0.017 1.34% 0 0.013 N/A 0.6853 0.0026 0.76%
FPO using n k fittig slightly > single peak 2.533 0.015 1.18% 0.002 0.015 N/A 0.6822 0.0032 0.94%
FPO using n k fittig slightly < single peak N/A N/A N/A N/A N/A N/A N/A N/A N/A
SIN using n k fitting multiple peak N/A N/A N/A N/A N/A N/A N/A N/A N/A
SIN using n k fitting slightly < single peak 2.337 0 0.7605 15.2099 3999.97%
Method Peak selection
SIN using fixed n k slightly < single peak 0.7549 15.0973 3999.81%
SIN using fixed n k slightly < single peak 0.7591 15.1813 3999.82%
SIN using fixed n k slightly < single peak 0.7613 15.2269 4000.24%
R calculated






Table 3.4:  Comparison of growth rate calculation by Accent Optical Technologies RPM-
2000 system. 
 
Method Thickness (µm) R (nm/s) 
GaN database 2.162 0.655152 
n=2.35 pre-defined 2.534 0.767879 
n=2.34 pre-defined 2.545 0.771212 
n=2.33 pre-defined 2.556 0.774545 
 
 
As shown in Table 3.4, the large difference of 17% is obtained between growth 
rate calculated by the built-in database and by pre-defined refractive indexes. Even 
though there is only ~5% discrepancy in refractive index value at 633 nm which is 2.464 
(database) versus e.g. 2.35 (entered), the large discrepancy shown in Table 3.4 is possibly 
due to a dispersion effect.  The dispersion relation employed in the material database of 
RPM-2000 system is described in the equation 3.2 
 






























       (3.2) 
Based on the equation 3.2, the calculated refractive index values for GaN depending on 
the wavelengths are summarized in Table 3.5. 
 
Table 3.5:  Refractive index values of GaN based on dispersion relation versus 
wavelength from 500 nm to 700 nm. 
 








The sample 2-0250-5 was selected to compare the growth rate calculation 
between the cross-sectional SEM and RPM-2000 system.  The layer thickness by SEM 
results in 1.95 µm while RPM-2000 gives 1.94 µm with the built-in material database. 
In summation, first, the EpiTT Fabry-Pérot oscillation with n, k fitting simulation, 
the RPM-2000 GaN material database, and the SEM thickness measurement show the 
similar growth rate less than 5% difference.  Second, the EpiTT sinusoidal wave model 
with fixed refractive indexes and RPM-2000 with fixed refractive indexes show the 
similar growth rate; however, the differences in calculated growth rate between these two 
groups are up to 17%.  The growth rate calculation using the EpiTT system possibly has 
the inaccuracy attributed to the thermal expansion of lattice along the c-axis, but the 
effect is not significant.  Another possibility of adding inaccuracy to the growth rate is 
refractive index which is a function of temperature.  The relationship between refractive 
index versus temperature is not known, but it might not be responsible for over 15% 
discrepancies.  In case of the RPM-2000 system, the dispersion relation of the refractive 
index is not an issue if a GaN material database is used, but it may be an issue if a fixed 
refractive index is applied for thickness calculation. A certain degree of difference in 
growth rate comes from the refractive index differences used in the calculation as well as 
simulation and calculation.  The analysis of growth rate calculation is described in Table 
3.6.  
 
Table 3.6:  Comparison of growth rate calculations among EpiTT, RPM-2000, and SEM. 
 
 











RPM-2000 0.5791 0.00% 0.00%











Normallized Rg n used / simulated
2.533
2.533









EpiTT SIN using fixed n k selecting < single peak










EpioTT FPO using n k fittig selecting muti-peaks
EpiTT FPO using n k fittig selecting > single peak
EpiTT SIN using n k fitting selecting < single peak
EpiTT SIN using fixed n k selecting < single peak





The uniformity of material quality and thickness is one of the key parameters for 
the optimization of material quality.  This is because higher uniformity directly translates 
into higher yield, making more material over the wafer real-estate useful for device 
fabrication.  The thickness uniformity of thick GaN was measured using the reflectance 
fringe method on an Accent Optical Technologies RPM-2000 system.  The reactor 
system is provided with three zone heaters.  The heater system requires the precise tuning 
of power setting for better uniformity over a 2″ diameter wafer.  The temperature 
balancing based on the blackbody calibration was carried out to determine the power 
distribution setting for each zone heater.  The standard unintentionally doped GaN on 
sapphire was grown using the calibrated zone settings.  The regrowth of 1 µm-thick 
GaN:ud on GaN/sapphire template was performed.  The regrowth thickness for inner, 
center, and outer of the wafer from the center of the growth chamber was calculated and 
fine adjustments of power setting for three zone heaters were carried out.  Table 3.7 
shows the thickness mapping and thickness standard deviation measured by the RPM-
2000 system.  The thickness map of a GaN layer from the optimized growth parameters 
for both a low-temperature GaN buffer layer and ~ 2.3 µm-thick GaN grown at 1050˚C is 
shown in Figure 3.7.  The edge exclusion of 2 mm was applied and it resulted in the 
record-low thickness standard deviation of 0.950 % for a 2″ diameter wafer, promising 














Table 3.7:  Thickness uniformity of thick GaN measured using the reflectance fringe 







Figure 3.7:  Thickness uniformity of thick GaN measured using the reflectance fringe 
method by Accent Optical Technologies RPM-2000 system. 
 
 
1-0537-1 (GaN:ud) Zone setting (A/B/C) Template thickness (µm) Total thickness (µm) Regrowth thickness (µm) Delta (inner-center,center-outer)
outer 79.6/74.3/85 2.296 2.296 N/A N/A
center 79.6/74.3/85 2.306 2.306 N/A N/A
inner 79.6/74.3/85 2.317 2.317 N/A N/A
Std.Dev. 0.95% 0.95%
1-0523-1 (GaN:ud) Zone setting (A/B/C) Template thickness (µm) Total thickness (µm) Regrowth thickness (µm) Delta (inner-center,center-outer)
outer 76.6/72.3/85 2.283 3.741 1.458
center 76.6/72.3/85 2.147 3.679 1.532 0.074
inner 76.6/72.3/85 2.030 3.615 1.585 0.053
Std.Dev. 4.00% 1.70%
1-0522-1 (GaN:ud) Zone setting (A/B/C) Template thickness (µm) Total thickness (µm) Regrowth thickness (µm) Delta (inner-center,center-outer)
outer 71.6/69.3/85 2.285 3.807 1.522
center 71.6/69.3/85 2.145 3.732 1.587 0.065
inner 71.6/69.3/85 2.004 3.648 1.644 0.057
Std.Dev. 3.98% 1.91%
1-0521-1 (GaN:ud) Zone setting (A/B/C) Template thickness (µm) Total thickness (µm) Regrowth thickness (µm) Delta (inner-center,center-outer)
outer 51.6/49.3/85 2.299 3.306 1.007
center 51.6/49.3/85 2.278 3.525 1.247 0.240
inner 51.6/49.3/85 2.011 3.512 1.501 0.254
Std.Dev. 4.13% 3.43%
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3.3.2 Material Growth of AlN 
For the growth of wide-bandgap, intrinsically solar-blind AlGaN APDs (i.e., 
devices not requiring extensive and complex filtering for Geiger-mode operation) 
operating in the spectral region at λ ~ 280 nm (~ 4.43 eV), the use of sapphire or bulk 
GaN substrates may not be practical due to the large lattice mismatch between GaN and 
the AlxGa1-xN (x ~ 0.4-0.5) detector layers.  It will result in very small critical thickness 
of the layers without cracking, but in case of AlGaN epitaxial layers on bulk AlN 
substrates, AlGaN films will be under compression; therefore, the growth of AlGaN p-i-n 
structures may not lead to epitaxial layer cracking and the layers possibly could exhibit 
low dislocation densities comparable to that of the underlying AlN substrate.  Hence, 
high-quality, low-dislocation-density bulk AlN substrates are one of the critical elements 
for the development of deep UV APDs.  Even though a bulk AlN could be a choice of 
substrate for ultimate deep UV APDs, these devices cannot be realized without a high-
quality AlN buffer layer. 
The growth conditions for AlN were optimized by changing growth pressure, 
V/III ratio, growth temperature, growth rate, and flow modulation.  AlN buffer layers 
were grown on (0001) sapphire substrates at a low pressure of 75 Torr to minimize the 
homogeneous gas-phase reactions between TMAl and NH3.[80,81]  The AlN buffer 
layers were characterized by X-ray diffraction (XRD), atomic force microscopy (AFM), 
and optical transmittance.   
To evaluate the effect of the V/III ratio - the ratio between group V precursors and 
group III precursors - on the growth of high-temperature AlN, high temperature AlN 
layers on sapphire under the various V/III ratios were grown.  Figure 3.8 shows the in-
situ reflectance measurement during high-temperature AlN buffer layer growth.  As V/III 
ratio decreases from sample A to sample D, the influence of surface quality on the 
intensity of the reflected light during AlN growth is represented as the case of ideal 
growth – maxima and minima of reflectance are not changed.  In the case of sample A 
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grown at relatively high V/III ratio, the in-situ reflectance shows that as the surface 















Figure 3.8: In-situ reflectance measurement during high-temperature AlN growth under 
various V/III ratios. 
 
 
As shown in Figure 3.9, a high-temperature AlN layer grown at relatively high 
V/III ratio (sample A) reveals a “soft” transmittance cut-off, indicating that the material is 
absorbing below the band gap due to defects.  It can be attributed to the low surface 
mobility of Al ad-atoms due to the excessive NH3 flow.  As the V/III ratio decreases from 
sample A to sample D, the optical transmittance characteristics are drastically improved, 
showing sinusoidal oscillations at the same overall transmittance for wavelengths below 
bandgap and a sharp decay at the bandgap energy.  The red curve in Figure 3.9 is the 

























using optimized low V/III conditions.  This spectrum exhibits a sharp cut-off, while AlN 








Figure 3.9: Optical transmittance of high-temperature AlN grown on sapphire substrates 


































Figure 3.10:  In-situ reflectance measurement of AlN under various growth temperatures 
at fixed V/III ratio. 
 
 
Figure 3.10 shows optical transmittance characteristics of high-temperature AlN 
layers grown under the variation of growth temperatures while V/III was fixed.  As 
growth temperature increases, the overall material quality of AlN in terms of optical 
transmittance is improved, indicating that higher growth temperature enhances the 
mobility of Al ad-atoms on the growing surface and results in two-dimensional growth 
mode with less defect density in the epitaxial layer.   
The microscopic surface morphology of these AlN samples was characterized by 
AFM.  AFM images under the z-height of 50 nm in Figure 3.11 shows the effect of V/III 
ration on the growth mode of AlN.  As seen in sample A, AlN grown at a relatively high 
V/III ratio reveals metal-like islands introduced by 3-D dominated growth behavior.  



























to high NH3 overpressure.  As the V/III ratio decreases from sample A to sample D, 3-D 
islands begin to disappear while two dimensional growth mode begins to appear.  RMS 
rough values are 13.144 nm, 13.667 nm, and 0.892 nm for sample A, B, and C, 
respectively.  The sample D grown with the lowest V/III ratio shows the RMS roughness 
value of 0.489 nm per 5×5 µm2 scan.  1×1 µm2 scan shown in Figure 3.12 reveals two-

















Figure 3.11:  AFM microscopic surface morphology of high-temperature AlN on 
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Figure 3.12:  AFM microscopic surface morphology of high-temperature AlN grown with 




The thickness of a low-temperature AlN buffer layer plays a role in terms of the 
overall material quality for the subsequently grown high-temperature AlN or AlGaN 
epitaxial layers.  As shown in Figure 3.13, the low-temperature AlN was grown to be 11 
nm, 18 nm and 23 nm for sample I, sample J, and sample K, respectively.  As seen in 
shown in Figure 3.14(a), sample I with a relatively thin 11 nm-thick low-temperature 
AlN reveals a very rough surface, indicating that the thin AlN does not act as a good 
buffer layer for subsequent high-temperature growth.  The influence of surface quality on 
the intensity of the reflected light for AlN is appeared as the following two cases: (1) 
ideal growth - detector reflectance is not changed during the growth or (2) surface 
roughening – both of the peaks and valleys of reflectance intensity decreases.  For sample 
I, with thin low-temperature AlN buffer layer, the in-situ reflectance measurement shows 
the indication of surface roughening.  The relatively thick low-temperature AlN buffer 
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layer also causes a slightly serrated morphology as seen in Figure 3.14(c).  There is an 
optimum thickness for low-temperature AlN that enables it to yield the atomically 
smooth surface of high-temperature AlN.  The in-situ reflectance measurement for 
sample J and sample K exhibit the ideal growth behavior.  Both the maxima and minima 
of reflectance are maintained at the same intensity level throughout the epitaxy.  The in-
situ curvature measurement during the growth of low-temperature AlN shows the 
decrease in concave bowing.  During the heat-up to AlN growth at high-temperature, the 
wafer shows the characteristic strain increase.  As a low-temperature AlN becomes 
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Figure 3.13:  Effect of low-temperature AlN thickness on RMS roughness value of AFM 








Figure 3.14:  AFM microscopic surface morphology (5×5 µm2 scan) of high-temperature 



























































































3.3.3 Material Growth High-Quality AlxGa1-xN 
AlGaN-based wide-bandgap APDs are excellent candidates for short-wavelength 
photodetection in the UV spectral region of λ < 290 nm.  In order to achieve intrinsically 
solar-blind APDs, the use of wider-bandgap material than GaN is required.  A variety of 
material quality criteria are needed for growth of AlGaN-based APDs.  First, the material 
quality must be good and the dislocation density has to be low; hence, the excessive 
leakage current can be minimized and the carriers can get swept across the depletion 
region.  Second, for in mesa geometry of APD devices, the n-layer must be capable of 
effectively spreading the current between the electrode and the device active region 
because the device series resistance depends largely on the resistivity of the n-layer.  
Third, for the purpose of fabrication, the p-type layer can be thin - as a result, a low-
resistivity p-type layer may not be a major requirement, but the capability to grow p-type 
AlGaN is required for the formation of p-n junction. 
However, the growth of AlxGa1-xN APD structures on III-N bulk substrates 
introduces additional technological challenges such as imperfect materials quality 
accompanied by more stringent growth condition of Al-containing epitaxial materials or 
dislocations, strain and even strain-induced cracking for the growth on bulk GaN 
substrates. To achieve high material quality of AlxGa1-xN, various growth parameters and 
schemes were studied.  Also, to prevent the initiation and propagation of cracks, several 
strain management structures were investigated between a substrate and AlGaN epitaxial 





Figure 3.15:  Optical transmittance spectra of AlGaN at different compositions.  
 
The development of high Al-content AlGaN layers with demonstrated optical and 
electrical characteristics as well as high uniformity and reproducibility is one of the key 
elements for AlGaN-based APDs.  For the fabrication of flip-chip array APDs, the n-
layer should have cut-off wavelengths shorter than the peak absorption wavelength in the 
depletion region.  The optical transmittance spectra of the relatively thin 260 nm-thick 
AlGaN layers grown are shown in Figure 3.15.  Sharp transmittance cut-offs are obtained 
under various AlGaN layers.  The cut-off wavelengths for sample A, sample B, and 





























Figure 3.16:  AlGaN Photoluminescence (PL) data alongside optical transmittance data. 
 
Room temperature PL measurements on these same samples were performed by 
Dr. Charles Collins at AFRL using a Coherent Innova Tech 90C FreD frequency doubled 
Ar-ion laser.  The detection optics consisted of Specs 1404 double spectrometer and 
Products for research PMT.  The PL data is plotted along with the transmittance data in 
Figure 3.16.  The narrow FWHM (~ 8 nm) room-temperature PL is obtained with a PL 
peak wavelength as short as 253 nm.  Also notable is the fact that the transmittance cut-
off aligns very well with PL peak wavelength establishing that the PL is from band-edge 
and also indicating the absence of near bandgap optically active defect states.  For sample 
A, the apparent slight discrepancy between the PL peak and transmittance cut-off is 
observed.  This can probably be attributed to the fact that the emission wavelength is very 
close to the pumping wavelength and the filter in detection optics in the PL system cuts 
off near this wavelength region.  There is also a slight shift found in sample C, but in this 


















































PL Spectra: Sample A
PL Spectra: Sample B
PL Spectra: Sample C
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case, some blue shift could be originated from the fact that the pumping power of the 




Figure 3.17: Optical transmittance spectra from 1.2 µm-thick AlGaN epitaxial layers 
grown under different conditions. 
 
 
After growth of these thin calibration samples, the growth of a 1.2 µm-thick 
AlGaN layer was attempted.  The crack-free growth of a thick n-type AlGaN:Si layer is 
essential to the growth of APDs because the threading dislocations generated at the 
nucleation layer tend to be annihilated as material grows thicker.  Thick AlGaN layers 
with transmittance cut-off wavelengths of 268 nm on high and low temperature AlN 
buffer layers and also under highly Si-doped conditions were successfully grown.  Also 



















Sample D: Thick AlGaN w.Low Temp.  AlN
Sample E: Thick AlGaN:Si w. High Temp. AlN
Sample F: Thick AlGaN:Si+ w. High Temp. AlN
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content in the alloy was found to be very stable and reproducible which is evident from 
the optical transmittance spectra shown in Figure 3.17. 
 
 
Figure 3.18:  Al content in AlGaN alloy versus Al mole fraction in vapor phase while 
total group-III mole fraction is kept constant. 
 
 
The stability and reproducibility of AlGaN growth conditions are additionally 
proven from the correlation of Al and Ga molar flows with growth rate and alloy 
composition.  A series of AlGaN runs were performed with various Al to Ga molar flow 
ratios keeping the total group-III molar flow constant.  The growth rate was found to not 
change with varying Al to Ga ratios and the Al content in the AlGaN alloy was found to 
be linear to a good approximation, indicating that adduct formation is minimized.  The 
plot of Al content in AlGaN alloy versus Al mole fraction in the vapor phase is shown in 
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Table 3.8 summarizes the growth parameters for a series of AlGaN samples with 
the variation of TMAl and TMGa flows.  The relationship between the total group III 
molar flow and Ga bubbling/incorporation efficiency for AlGaN growth at 75 Torr is also 
shown in Figure 3.19.  The linear trend line is plotted together.  R2 is found to be ~ 1. 
There is a good linear approximation between the total group III molar flow and Ga 
incorporation/bubbling efficiency, indicating that Ga desorption is a dominant factor 
while the adduct formation or deposition on the showerhead does not play a significant 
role.  The assumption that only Ga experiences the desorption while Al incorporation in 
the solid phase is approximated to be 100% can also be validated from the ratio of total 




Figure 3.19:  Ga incorporation/bubbling efficiency versus total group III molar flow in 
AlGaN growth. 
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Table 3.8:  Summary of growth parameters for AlGaN layers under the variation of total 




Total III flow  
(µmol/min) 
Rg  
(nm/s) Total III flow/Rg Total III flow/Ga incorp. 
0.61 91.32 0.186 491 150 
0.36 45.94 0.095 484 128 




One of the important aspects of deep-UV APDs is the ability to obtain high n-type 
doping in the high Al content AlGaN alloy.  The high doping density is essential because 
otherwise, the spreading resistance in the n-contact layer becomes too high and causes 
ohmic heating. Based on growth optimizations, a low resistivity AlGaN:Si with 
transmittance 50% cut-off at 267 nm was obtained.  The resistivity map measured using a 
Lehighton contactless resistivity probe is shown in Figure 3.20.  The average resistivity 
for a 1.2 µm-thick AlGaN epitaxial layer is found to be 1187 Ω/square with the standard 
deviation of 195 Ω/square.  The transmittance spectra for these AlGaN samples are found 
in Figure 3.17.  Hall effect measurements on AlxGa1-xN:Si (x ~ 0.5) using Ti or 
V/Al/Ti/Au metal contact from bottom to top exhibit the free carrier concentration of n ~ 
2.4×1018 cm-3 with a mobility (µ) of over 50 cm2/V·s and bulk resistivity (ρ) as low as 
5×10-2 Ω-cm.  An AFM image of a typical AlxGa1-xN:Si (x ~ 0.5) in 5×5 µm2  with z-















Figure 3.20:  Resistivity map of AlGaN:Si epitaxial layer; transmittance 50% cut-off at 



































































































































Figure 3.22:  SIMS analysis of AlxGa1-xN (x ~ 0.45) layers grown at different 




The impurity level in the AlGaN epitaxial layer can be used as a verification tool 
for MOCVD reactor, growth chamber, and precursor sources.  A high-aluminum content 
AlGaN layer is one of the good candidates.  Figure 3.22 shows impurity levels of AlxGa1-
xN:Si (Al ~ 0.45) measured by secondary ion mass spectroscopy (SIMS).  Samples are 
grown at two different temperatures.  The sample grown at a relatively high temperature 
reveals low levels of carbon (low 1016) and oxygen (low 1017) incorporation, verifying 
low levels of impurities in the epitaxial layer.  Impurity levels of the sample grown at a 
relatively low temperature are higher.  This is considered to be a result of the relatively 
low growth temperature.  Impurity incorporation could also depend on growth 
temperature as well as aluminum composition, assuming that the same condition of 
growth chamber and precursors are employed in the growth.   
As a continuing study of impurity incorporation, the impurity incorporation 
behavior depending on growth temperature has been investigated.  The aluminum 
composition in AlGaN alloy is selected at Al ~ 0.45 to make the structure sensitive 
enough to impurities such as oxygen, and temperature is changed in the same growth.  
Figure 3.23 shows impurity levels of an AlxGa1-xN:Si (xAl ~ 0.45) structure, consisting of 
three different growth temperatures (T1 > T2 > T3) measured by SIMS.  All AlGaN layers 
grown at the three different temperatures exhibit low levels of carbon (mid ~ high 1016) 
and oxygen (low 1017) independent of growth temperatures.  For oxygen, the impurity 
level does not increase with decreasing growth temperature within the temperature of 
interest for the experiment.  Carbon incorporation appears to be slightly reduced with 
increasing temperature.  The high impurity concentration shown in the initial growth of 
the epitaxial layer at T1 is considered to be artifact introduced by the roughened surface 







Figure 3.23: SIMS analysis of AlxGa1-xN:Si (xAl ~ 0.45) layers grown at three different 





















































The heteroepitaxy of group III-N materials on substrates with large lattice and 
thermal mismatch introduces low device performance uniformity and yield, which makes 
photodetector array impossible.  The device performance is also limited by material 
defects.  The uniformity of material quality and thickness is one of the key elements to 
ensure the realization of APD array and Geiger-mode detectors.  This is because higher 
uniformity with low defect density directly translates into higher yield making more 
material for device fabrication.  As shown in Figure 3.24, the growth optimization of high 
Al-content AlxGa1-xN (x > 0.5) on AlN indicates excellent uniformity of high Al-content 
AlGaN material.  Multiple scans of the transmittance spectra reveal the uniformity of Al 
composition over 2″ diameter substrate with the sharp transmittance 50% cut-off.  The 
difference in cut-off wavelengths is only about 5 nm.  This can be translated into the fact 
that AlGaN material does not absorb below the energy band gap and the band diagram of 
the material has a small number of defect or impurity related states in-between the two 






Figure 3.24:  Optical transmittance spectra of high Al-content AlGaN targeted for deep 
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The incorporation of a bulk AlN substrate is suitable for the development of 
ultimate deep UV APDs with AlxGa1-xN (x > 0.3).  The growth of AlGaN epitaxial layers 
on a bulk AlN substrate offers the following technological advantages.  First, AlGaN 
layers are less prone to crack formations inherited from in-plane compressive strain with 
respect to the substrate.  Second, the substrate band edge is transparent to deep UV 
spectral regime.  Last, having a UV transparent substrate enables both front and back 
illumination device geometry; however, the quality and size of bulk AlN substrates are 
still in development.  On the other hand, AlGaN layers grown on a bulk GaN substrate 
experience in-plane tensile strain with respect to the substrate.  For the growth of AlxGa1-
xN on GaN templates, crack formations can be expected due to in-plane tensile strain of 
the epitaxial layer on the template when it passes its critical thickness; therefore, the 
development of strain management engineering in designing epitaxial structures is 
inevitable.  In addition, the substrate is not UV transparent; therefore, back illumination 
can not be realized.  There is absorption in p-layer for front illuminating device geometry. 
However, the growth of relatively low Al-content AlxGa1-xN (x < 0.2) on bulk GaN 
substrates can utilize the matured substrate technology with a low defect density of less 
than 106 cm-2.  For the realization of these APD devices, growth parameters such as NH3 
flow rate, temperature, aluminum composition, pressure, and growth rate were 
investigated to overcome more stringent growth conditions for AlGaN on GaN.  GaN 
layer templates on sapphire substrates were employed. 
The microscopic morphology as measured by atomic force microscopy (AFM) is 
compared.  The microscopic morphology change of AlxGa1-xN (x = 0.2 ~ 0.35) depending 
on growth parameters was investigated.  Figure 3.25 shows the change of surface 
morphology in an AlGaN layer as the NH3 flow rate is changed.  The total group III 
molar flow rate is maintained at approximately 80 µmol/min.  With a high NH3 flow rate, 
a wavy undulated surface is formed possibly due to limited group III ad-atom mobility on 
the growing surface.  As the NH3 flow rate decreases from 223.1 mmol/min to 11.2 
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mmol/min, the surface waviness is reduced and RMS (root mean square) roughness is 
also decreased.  The RMS roughness values are 0.564 and 0.317 nm for NH3 flow rate of 
223.1 mmol/min to 11.2 mmol/min, respectively.  Even with relatively smooth surfaces, 
pits are still observed at the vicinity of merging point of surface waviness.  This might be 
related to pre-existing defect originating from interface between epitaxial layer and 
sapphire substrate combined with tensile strain of the epitaxial layers.  Those defects can 
be removed by employing high-quality bulk III-Nitride substrates.  Figure 3.26 shows 
surface morphology (1×1 µm2 scan at z-height of 20 nm) change of AlGaN layers as 
thickness of AlGaN increases.  The layers were grown at the same nominal growth 
conditions including same molar flow rate of precursors and temperature.  Interestingly, 
for thin layers, aluminum composition becomes higher than thicker layers even with 
same precursor flow rates and then aluminum composition becomes stabilized.  Also, the 
very wavy surface morphology is observed with higher aluminum composition.  This 
phenomenon becomes more distinctive at relatively higher pressures, for example 200 
Torr as in Figure 3.26.  When the growth pressure is lower than 75 Torr, the 
compositional and morphology variation, depending on the thickness of AlGaN layer, 
becomes negligible.  The effect of growth rate on AlxGa1-xN (x ~ 0.2) morphology was 
studied at the growth pressure of 75 Torr.  The growth rate was varied from 0.09 nm/s to 
0.32 nm/s. As shown in Figure 3.27, the surface waviness as well as merging points 






























Figure 3.25:  Change of microscopic surface morphology (1×1 µm2 scan with z-height of 






(a) NH3 = 223.1 mmol/min (b) NH3 = 53.5 mmol/min 


























Figure 3.26:  Change of microscopic surface morphology (1×1 µm2 scan) and Al content 
in AlGaN epitaxial layers with variation of layer thickness. 
 
 
(a) Thickness ~ 50 nm, xAl ~31%
(b) Thickness ~ 300 nm, xAl ~23%























Figure 3.27:  Change of microscopic surface morphology (1×1 µm2 scan) with variation 




(a) Growth rate = 0.09 nm/s (b) Growth rate = 0.12 nm/s 
(c) Growth rate = 0.21 nm/s (d) Growth rate = 0.32 nm/s 
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3.3.4 Strain Management Engineered Epitaxy 
During the heteroepitaxy, strain between epitaxial layers or strain induced by the 
lack of native lattice-matching bulk substrate is unavoidable.  Strain plays a significant 
role in terms of surface morphology, especially for growth of ternary or quaternary alloys 
such as AlGaN or InAlGaN.  Due to in-plane tensile strain for the growth of AlGaN on 
GaN, the surface morphology is more prone to create a wavy undulated surface feature.  
The strain-induced cracking is introduced to relieve the strain energy when the thickness 
of the growing layer goes beyond its critical thickness.  The thick AlGaN on GaN was 
grown to study the effect of strain on the surface morphology.  The macroscopic and 
microscopic morphology determined by Nomarski optical microscope and AFM, 
respectively, shows two distinctive features on the surface. As shown in Figure 3.28, the 
Nomarski optical microscope images under the magnification of 500 and 1000 reveal the 
formation of a crack network on the surface.  The detailed analysis of surface 
morphology by AFM was carried out on the area with the crack network.  When the 
critical thickness is reached, cracks start to propagate to relieve the strain energy and then 
the continued epitaxial growth makes the difference in surface morphology more 
significant depending on the region (e.g. crack-free area versus neighboring area adjacent 
to crack). The surface image taken by a built-in optical microscope is shown together 
with AFM images in Figure 3.29.  AFM surface morphology at neighboring areas of the 
cracks exhibits a smooth surface with two-dimensional atomic steps while surface 
morphologies at areas away from the cracks displays awavy, rough surface with micro-
pits.  As the size of area surrounded by the crack network increases, the surface waviness 
becomes distinctive and strain-induced pits are observed.  RMS roughness values 































Figure 3.29: AFM microscopic surface morphology of thick AlGaN with crack network. 
500X 1000X 
(a)
(a) RMS roughness =  
0.685 nm 




(b) RMS roughness =  
0.733 nm 
(c)
(c) RMS roughness =  
0.862 nm 
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(a)                               (b)                              (c)                              (d) 
 
Figure 3.30: Schematic diagram of Al0.2Ga0.8N layers on various strain management 
design on GaN/sapphire template shown with Nomarski optical microscope images. 
 
 
The crack-free growth of thick AlxGa1-xN on a bulk GaN substrate was studied by 
employing various strain management layers such as AlxGa1-xN (x > 0.5) interlayers, 
graded AlxGa1-xN/GaN superlattice (x = 0.05, 0.1, and 0.15), or AlN/GaN multiple short-
period superlattice structures to create a less strained platform for AlxGa1-xN growth with 
higher Al-content.  For approaches shown in Figures 3.30(a) – (c), the in-situ curvature 
measurement showed an increase in curve distance, indicating that the AlGaN layer 
experiences concave bowing as the growth proceeds and which results in the formation of 
cracks on the surface.  The growth temperature, thickness, and Al content for interlayers 
were also studied.  AlxGa1-xN (x > 0.5) interlayers with graded AlxGa1-xN (0.0 ≤ x ≤ 0.1) 
layers in between enabled the crack-free growth of 1.5 µm-thick AlxGa1-xN (x ~ 0.2) on 
the GaN/sapphire template shown in Figure 3.30(d).  As shown in Figure 3.31, the radius 
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interlayers on GaN showed the increase of only ~ 15 km-1, indicating less bowing for 
interlayer scheme.  AlN/GaN multiple short-period superlattic structures resulted in the 
increase of radius of curvature over 40 km-1 for ~ 700 nm growth of AlxGa1-xN (x ~ 0.2) 
and the surface relaxation induced by formation of cracks was observed afterwards.  The 
in-situ reflectance spectra reveals the ideal growth mode having constant intensities for 





Figure 3.31:  In-situ reflectance spectra during the growth of Al0.2Ga0.8N on AlxGa1-xN (x 

























Curvature w. AlGaN interlayers
Curvature w. AlN/GaN SPSL
Reflectance w. AlGaN interlayers




3.3.5 Nitride p-type Doping 
In the AlGaN/GaN material system, obtaining a reasonable p-type doping is 
difficult due to the high activation energy for p-type dopant.  The activation energy for p-
type GaN:Mg is approximately 160 meV [68] and it increases by ~ 3 meV as the Al 
content increases in the material system.  For the development of GaN and AlGaN-based 
UV APDs, the p-type doping behavior, depending on various growth conditions, such as 
growth pressure, growth rate, temperature or V/III ratio, was investigated.  From the 
optimized growth conditions, p-type GaN:Mg results in ~ 1×1018 cm-3 with the mobility 
(µh) of ~ 13 cm2/V·s from the room-temperature Hall effect measurement.  The 
photoluminescence characteristics of p-type GaN:Mg with different doping levels are 
shown in Figure 3.32. 
SIMS depth profiling for the sample shows that the carbon and oxygen impurity 
levels are well controlled (very low near detection limit) and Mg incorporation into the 
GaN solid is 4×1019cm-3, indicating that ~ 2.5% of the Mg incorporated into GaN is 
activated as a p-type dopant.  A transmission line measurement (TLM) study, employing 
Pd/Au or Ni/Au metallization scheme and no specific high doping scheme contact layer, 
shows that the specific contact resistance, rc, of the sample shows 3×10-3 Ω·cm2.  The 
measurement also shows even without the contact layer, the contact of the sample 
exhibits good ohmic behavior. 
The temperature-variable Hall-effect measurement was carried out using the Hall 
measurement system in Phillips Lumileds Lighting.  The activation energy of GaN:Mg p-
doping was calculated.  Figure 3.33 shows the variable-temperature Hall data of the 
GaN:Mg layer: (a) shows temperature (1000/T) vs. free-carrier concentration plot and (b) 
shows temperature (T) vs. mobility plot.  At 300K, the sample exhibits free hole 
concentration (p) of ~ 1.36×1018 cm-3 with mobility (µh ) ~ 3.39 cm2/V·s.  The resistivity 
of the layer (ρ) is 0.73 Ω·cm.  From the gradient of temperature (1000/T) versus free-
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carrier concentration plot, ~170 meV of activation energy is obtained, which is close to 







Figure 3.32: Photoluminescence characteristics of p-type GaN:Mg samples: (a) before 
activation (b) after activation.  
 
 















































Figure 3.33:  Variable-temperature Hall data of GaN:Mg layer (1µm-thick): (a) 


































































For p-type doping for AlxGa1-xN (x~0.2), we studied growth parameters such as 
NH3 flow rate, growth temperature, and aluminum composition, pressure, and growth 
rate.  Multiple sets of p-AlxGa1-xN:Mg samples were grown under various growth 
conditions for the Hall-effect measurement.  A heavily doped thin p-GaN:Mg++ contact 
layer was introduced to achieve the excellent ohmic behavior of samples.  Figure 3.34 
shows the microscopic surface morphology of p-type AlxGa1-xN:Mg (x~0.2) grown at 
optimized growth parameters, revealing atomic steps from two-dimensional growth mode.  
The electrical properties of the p-AlGaN:Mg+ layer obtained by a 300K Hall-effect 










Figure 3.34:  Microscopic surface morphology by AFM of p-type AlxGa1-xN:Mg (x ~ 0.2) 





Table 3.9:  Electrical properties of p-AlxGa1-xN:Mg+ (xAl ~ 0.2) layer by 300K Hall effect 
measurement. 
 
Growth pressure (Torr) 75 
xAl ~ 0.2 
Bulk [Ω·cm] 9.1 
p [cm-3] 1.6 × 1017 
µ [cm2/V·s] 4.4 
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The p-type AlGaN:Mg layers with higher Al-content (xAl of 0.05 ~ 0.5) grown on 
AlN on sapphire templates for AlGaN APDs on bulk AlN substrates were also calibrated.   
Growth parameters such as precursor flow rates (Cp2Mg and TMGa), growth rate, or 
V/III ratio were investigated.  Multiple sets of p-AlxGa1-xN:Mg samples were grown 
under various growth conditions for the Hall-effect measurement.  The epitaxial 
structures consist of p-GaN:Mg++ contact layer (20 nm), p-AlGaN:Mg+ layer (250 ~ 500 
nm), AlGaN:ud layer, and AlN buffer layers on sapphire substrates.  p-GaN:Mg++ contact 
layer was introduced to achieve the excellent ohmic behavior of the sample for Hall-
effect measurement.  It was also verified that 20 ~ 30 nm p-GaN:Mg++ contact layer does 
not affect the bulk resistance of a thick conducting p-AlGaN:Mg+ layer with low Al 
composition.  Table 3.10 shows the electrical properties of p-AlGaN:Mg+ layers obtained 
by 300K Hall effect measurements. p-AlGaN:Mg+ layers grown on GaN on sapphire 
templates are also shown together as comparison.  As xAl increases, the resistance 
increases and the mobility decreases, as expected.  For free hole concentration, as xAl 
increases, free carrier concentration decreases in general, even though sample C (xAl ~ 
0.4) has slightly higher concentration than Sample B (xAl ~ 0.1).  The unexpected trend of 
free carrier concentration will be investigated using a temperature-variable Hall-effect 
measurement.  The calibration for p-type AlxGa1-xN:Mg with xAl of 0.05 ~ 0.5 is to 
achieve p-type doping with transparency to UV as high as possible.  Figure 3.35 shows 
the optical transmittance spectra of p-AlxGa1-xN:Mg+ (xAl ~ 0.4) layers with different p-
type precursor flow rates (R1 > R2 > R3) on AlN template/sapphire substrates.  Two 
points per each sample around the center of the wafer were measured.  The transmittance 
decreases slightly by p-GaN:Mg++ contact layer, but the bottom edge of overall 
transmittance cut-off occurs at 265 nm, which can allow the peak UV absorption at the 





Table 3.10:  Electrical properties of p-AlGaN:Mg+ layers obtained by 300K Hall effect 
measurement. 
 
Sample # xAl Pressure [Torr] Rg [nm/s] Bulk [Ω·cm] p [cm-3] µ [cm2/V·s] 
A 0.05 200 0.496 1.8 4.6×1017 7.8 
B 0.1 200 0.306 3.2 2.9×1017 5.0 
C 0.4 75 0.127 8.9 3.2×1017 2.2 



















Figure 3.35:  Optical transmittance spectra of p-AlxGa1-xN:Mg+ (xAl~0.4) layer grown on 





















Sample E (R2) #1 = 273 nm
Sample E (R2) #2 = 270 nm
Sample F (R3) #1 = 274 nm
Sample F (R3) #2 = 273 nm
Sample G (R1) #1 = 276 nm
Sample G (R1) #2 = 273 nm
Sample E: Bottom edge = 268 nm, 263 nm
Sample F: Bottom edge = 267 nm, 266 nm
Sample G: Bottom edge = 269 nm, 266 nm
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For low Al composition samples (xAl ≤ 0.1), 300K Hall shows p ~ 4.3×1017 with 
µh ~ 5.95 for xAl ~ 0.05 from the temperature variable Hall measurement (performed by 
Phillipd Lumileds Lighting).  Free carrier concentration vs. reciprocal temperature 
(1000/T) shows the typical Arrhenius equation relation (as temperature increases, the free 
carrier concentration increases exponentially).  From the gradient of the plot, the 
ionization activation energy, Ea of 195 meV is obtained, as shown in Figure 3.36, which 
is close to the previously reported value. 
Such contact layer or some other defect-related transport might be suspected to 
play a role in the measurement, since the layer of interest with high Al composition may 
have very limited conductivities.  To avoid the effect of p-GaN:Mg++ contact layers, the 
p-GaN:Mg++ contact layer for the area not covered by metal contacts was removed.  This 
was done by ICP etching of the contact layer by using Pd/Au metal pad as an etch mask 
so that the removal of the p-GaN:Mg++ layer without sacrificing ohmic contact for the 
measurement was possible.  The result of temperature-variable Hall measurement will be 


































Figure 3.36: Free carrier concentration change taken by temperature-variable Hall 




























Figure 3.37:  SIMS profile of the sample consisting of GaN:Mg and GaN:ud layers for 
Mg memory effect and diffusion study.  
 
 
p-type AlGaN:Mg layers for UV APDs are relatively thin (< 100 nm) in 
comparison to other device structures.  Hence, AlGaN:Mg layers in APDs can have 
several technical challenges.  First, there is low free carrier concentration due to the high 
ionization activation energy of Mg and second, there is less than the estimated p-type 
dopant incorporation; therefore, lower free hole carrier concentration is introduced by the 
delayed Mg incorporation into the lattice due to the memory effect and Mg diffusion into 
the active region.  The SIMS profile of Mg concentration shows grading up in the thin p-
GaN layer (~100 nm) as epitaxial growth proceeds even though the same precursor input 
of all the group III (TMGa and TMAl), group V (NH3), and p-type dopant (Cp2Mg) 





















































during the epitaxial growth, SIMS and Hall measurement analysis were carried out.  The 
structure was designed and grown for SIMS analysis to study the memory effect and 
diffusion of Mg, consisting of, in the order of growth sequence, GaN:ud, p-GaN:Mg (p-
layer #1), GaN:ud, , p-GaN:Mg (p-layer #2), AlGaN:ud, , p-GaN:Mg (p-layer #3), and 
GaN:ud.  Figure 3.37 shows the depth profiling of the structure.  To trace the origin of 
Mg grading-up observed in other device structures, several Mg doped layers were grown 
with an undoped maker layer.  In comparing p-layer #1 with p-layer #2, the layers exhibit 
similar “slow turn-on” behavior after Mg precursor starts flowing.  If the diffusion effect 
dominates the Mg profile (sharp profile for initial growth and diffuse out along the 
concentration gradient), the layers have different profiles, with p-layer #1 displaying 
longer tail than p-layer #2.  The origin of “slow turn-on” behavior is considered to be 
dominated by the memory effect of the Mg precursor.  The slow turn-on effect spans over 
1 µm under the current reactor system and growth condition, suggesting that the Mg 
incorporation and free carrier concentration of p-type layer in the actual device structures 
may not be equivalent to those of relatively thick calibration samples with optimized 
growth conditions (> 0.5 µm).  Also, for the p-layer #1, slow turn-off was observed, 
which can be interpreted as reverse process of slow turn-on induced by the memory 
effect; hence, Mg grading for p-GaN:Mg observed in Figure 3.37 can be originated from 
memory effect – Mg incorporation into the lattice is delayed during the thin layer of p-
layer growth.  To investigate the effect of slow delayed incorporation of Mg on electrical 
property of the p-type layer, Hall-effect measurement of p-GaN:Mg samples with 
different thicknesses (0.1 µm and 1 µm) are compared.  The thinner sample (0.1 µm) 
shows lower free hole concentration by the factor of two – ~5×1017 cm-3 for 0.1 µm 
sample while ~1×1018 cm-3 for 1 µm sample, which is considered to be due to insufficient 
Mg incorporation during thin layer growth due to the memory effect. 
The growth calibration and characterization for Al0.25Ga0.75N/GaN short-period 
superlattice (SPSL) for the use of p-type hole injection layer of UV APDs was carried out 
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to utilize the potential improvement of (1) carrier concentration by lowering Mg acceptor 
ionization activation energy (reported to be approximately 58 meV [82]) and (2) current 
spreading in p-type AlxGa1-xN:Mg/GaN:Mg SPSLs.  As SPSL grows thicker, there can be 
“thickness chirping” which means the thickness and period of the SPSL changes as the 
number of layers increase during the growth.  Figure 3.38 shows cross-sectional scanning 
transmission electron microscopy (STEM) high angle annular dark field (HAADF) 
images of the SPSLs from different locations of SPSL stacks.  The results show none of 
the thickness variations from bottom to top of the wafer, demonstrating well-established 
growth conditions.  TEM analysis of 300-period Al0.25Ga0.75N/GaN SPSLs exhibits 
approximately 1.5 nm and 3.2 nm of Al0.25Ga0.75N and GaN layer thickness, respectively, 
which are very close to those determined by XRD. 
The layer thicknesses are well matched to the estimated thicknesses. HAADF 
intensity profiles from four heights of the SPSL stacks are plotted together with offset in 
Figure 3.39.  The oscillations in the graph represent the 0001 fringes.  No noticeable 
changes in the thicknesses and intensities of AlGaN and GaN layer are observed in the 
profiles from bottom to top of the stack, indicating that the interface quality and 











(a) Bottom of Stack (b) 1/3 up from the bottom 
 
(c) 2/3 up from the bottom (d) Top of Stack 
 
Figure 3.38: Cross-sectional scanning transmission electron microscopy high angle 
annular dark field (HAADF) images of the 300-period SPSLs having ~ 1.5 nm and ~ 3.2 











Figure 3.39:  High angle annular dark field (HAADF) intensity profile of the 300-period 
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3.4 GaN p-i-n APD on bulk GaN substrates 
Using the epitaxial material development discussed earlier in this chapter, high 
performance GaN p-i-n APDs were grown and fabricated.  To minimize the dislocation 
density in the device structure which has hampered the realization of GaN APDs, the low 
dislocation density (~105-106 cm-2) n-type bulk GaN substrates that were grown by 
hydride vapor phase epitaxy (HVPE) was used as a substrate.  The low dislocation 
density in the devices enables low reverse-bias dark current densities, high sensitivities 
and high optical gains in the ultraviolet (UV) spectral region prior to avalanche 
breakdown for 30 µm-diameter-mesa photodiodes.  The growth conditions for epitaxial 
layers were optimized, to achieve the improved crystalline and the structural quality, by 
altering the growth parameters.  GaN p-i-n APD structures consist of a 2.5 µm-thick n-
type GaN:Si layer, followed by a 0.3 µm-thick, unintentionally doped (estimated n = 
5×1016 cm-3) GaN i-type drift region, and topped with a 0.1 µm-thick p-type GaN:Mg 
layer and 0.02 µm-thick p-type heavily doped GaN:Mg++ contact layer as shown in Table 
3.11.  The electrical properties of the GaN:Mg+ layer, including the free-hole 
concentration, mobility, and electrical resistivity, were measured for GaN films produced 
under various growth conditions.[83]  The 300 K free-hole concentration in the p-layer 
was estimated to be p~1×1018 cm-3 as determined by Hall-effect measurements carried 
out for p-GaN:Mg+ layers grown on undoped GaN/sapphire substrates with the same 
growth conditions as were applied to the UV APD structures grown on GaN substrates. 
 
Table 3.11:  Composition, doping, and thickness of the layers of a GaN APD. 
Layer Composition Thickness (µm) Doping (cm-3) 
p-contact GaN:Mg++ 0.02 [Mg] = ~2×1020 
p-layer GaN:Mg+ 0.1 p = 1×1018 
i-layer GaN:ud 0.3 n = 5×1016 
n-layer GaN:Si+ 2.5 n = 5×1018 






Figure 3.40:  Microscopic surface morphology of a GaN p-i-n avalanche photodiode 
structure on a bulk (0001) GaN substrate measured by AFM. 
 
 
X-ray diffraction (XRD) rocking curve and atomic force microscopy (AFM) 
analyses were employed to characterize the properties of the epitaxial structures as well 
as the GaN substrates prior to growth.  Figure 3.40 shows the AFM image of the surface 
of a GaN UVAPD wafer, with 5×5 µm2 and 1×1 µm2 scan and z-height scale of 10 nm, 
revealing atomic steps on the surface with no visible nano-pits and RMS roughness 
values of 0.29 nm and 0.22 nm for 5×5 µm2 and 1×1 µm2 scans, respectively.  The 
linewidth of the XRD rocking curve of the epitaxial layer nearly replicates the linewidth 
of the GaN substrate. 
The devices were processed into 30 µm- and 50 µm-diameter circular mesas by 
inductively coupled plasma (ICP) etching using a Cl2/He carrier gas mixture. A scanning 
electron microscope (SEM) image of a fabricated 30µm-diameter mesa device without a 
contact probe pad is shown in Figure 3.41.  After mesa definition, a SiO2 passivation 
layer was applied to the devices using plasma-enhanced chemical vapor deposition.  
Ti/Al/Ti/Au and Pd/Au Ohmic contacts were evaporated on the n-layer and p-layer, 
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respectively, and annealed at 600˚C in a N2 ambient.  The width of the ring-shaped p-














Figure 3.41:  SEM image of a fabricated 30µm-diameter GaN p-i-n APD device. 
 
Typically, the reverse-bias breakdown voltage, VBR, of the 30 µm-diameter 
devices was between 80 V and 90 V, as measured on a probe station by an Agilent Model 
4156C Semiconductor Parameter Analyzer.  Figure 3.42 shows the reverse-bias current-
voltage (I-V) characteristics of a 30 µm-diameter mesa device measured in the dark at 
room temperature (300 K), showing a testing-system-limited low-reverse-voltage (|VR| < 
60 V) dark current and current density of IR = 5×10-14 A and JR = 7.0×10-9 A/cm2, 
respectively, and values of IR = 2×10-11 A and JR = 2.8×10-6 A/cm2 at VR ~ -82 V, just 
before breakdown (VBR ~ -83 V).  To confirm avalanche breakdown, the temperature-
dependent reverse-bias I-V characteristics were measured.  The magnitude of the reverse-
bias breakdown voltage, |VBR|, showed a clear positive increase with an increase in 
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temperature.  For temperatures of 313 K, 333 K and 353 K, the corresponding values of 
|VBR| were 86 V, 87 V and 88 V respectively as shown in Figure 3.43.  From this, we can 
estimate the temperature coefficient of the breakdown voltage to be ~0.05 V/K.  The 
positive temperature dependence of the magnitude of the breakdown voltage confirms 
that the abrupt increase in reverse current is predominantly due to avalanche effects, and 
not by premature junction breakdown due to microplasmas or mesa-sidewall leakage 
paths.  In addition, GaN APDs rolled into consistent breakdown voltage with the same 
leakage current characteristics at room temperature for 40 times when multiple reverse-
bias I-V scans were applied. 
 
 
Figure 3.42:  Reverse-bias dark-current characteristics of a GaN APD having a circular 
mesa of 30 µm diameter, showing a low dark current and current density of 2×10-11 A 






































Figure 3.43:  Temperature-dependent reverse-bias I-V characteristics measured at 313 K, 


































Figure 3.44:  Reverse-bias I-V characteristics of a GaN APD having a mesa diameter of 
50 µm.  The dark current, photocurrent, and avalanche gain (M) are plotted versus reverse 
bias voltage. The diode shows gain in excess of M ~ 10 at the onset of avalanche 
breakdown (-86.5 V, electric field of ~2.8 MV/cm), reaching a maximum avalanche gain 
of ~ 3,000. 
 
 
 Figure 3.44 shows a comparison of the photocurrent and dark-current 
characteristics at room-temperature for a 50 µm-diameter mesa UV APD measured by Dr. 
Chuck Collins at the U.S. Army Research Laboratory.  No microplasma or edge 
breakdown emission was visually observed and many of the tested devices rolled into 
breakdown consistently (for over 40 scans) over all wavelengths (280 nm ~ 365 nm) 
tested, suggesting that no microplasmas were formed.  Hence, edge gain and 
microplasma-related gain are not considered in the calculation of the avalanche gain for 
these devices.  The data in Figure 3.44 were obtained using a UV lamp-monochromator 






































of ~ 3 nm.  The avalanche gain (M) is taken as the difference between the reverse-biased 
photocurrent and dark current, divided by the difference between the low-bias 
photocurrent and low-bias dark current.  The low-bias currents are taken from the flat 
portion of the I-V curves for reverse voltages less than 60 V.  In this low-applied-bias 
regime (|VR| < 60 V), the difference between the photocurrent and dark current can be 
approximated as the photocurrent since the dark current is significantly lower.  The 
photocurrent is almost constant without soft breakdown for the low-reverse-bias regime, 
and used as the normalization factor for calculating avalanche gain, i.e., as the unity-gain 
photocurrent.  The device exhibits an avalanche gain of over ~ 10 at the onset of 
breakdown of VBR = -86.5 V (electric field ~2.8 MV/cm), reaching a maximum avalanche 
gain of ~ 3,000.  The measured reverse-bias photocurrent gain is considered to be 
originated from the avalanche multiplication of photogenerated carriers in the drift region. 
Achieved in 2006, this was the highest true avalanche gain achieved for photodiodes 
based on the GaN material system.  The very high avalanche gain for large-area GaN 
UVAPD is partially attributable to the low defect density of the material; however, the 
fact that these devices exhibited stable avalanche breakdown in spite of the relatively 
sharp vertical sidewalls suggests that the low plasma-induced etch damage of the mesa, 
and the high-quality dielectric passivation also played a role.  
 The growth of GaN p-i-n APDs on bulk GaN substrates with contact probe pads 
based on further epitaxial optimization was performed for a Geiger mode demonstration.  
The processing and measurement work was done in Dr. Shyh-Chiang Shen’s laboratory 
at Georgia Institute of Technology.  The SEM image of a fabricated GaN p-i-n APD 
device with contact probe pads and schematic illustration of fabricated device structure 
are shown in Figure 3.45.  The record-high true avalanche gain of > 104 was achieved 
from a relatively large 50 µm mesa diameter device. Reverse-bias I-V characteristics are 
shown in Fiure 4.46.  The yield of working devices out of a processed wafer turned out to 












Figure 3.45:  (a) SEM image of a fabricated GaN p-i-n APD device with contact probe 
































Figure 3.46:  Reverse-bias I-V characteristics of a 50 µm mesa diameter GaN p-i-n APD 
with contact probe pad.  The dark current, photocurrent, and avalanche gain (M) are 
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3.5 AlGaN p-i-n APD on bulk GaN substrates 
In order to achieve intrinsically solar-blind APDs, the use of wider-bandgap 
material than GaN is required; but the growth of AlGaN APD structures on bulk GaN 
substrates introduces additional technological challenges such as imperfects materials 
quality accompanied by more stringent growth conditions of Al-containing epitaxial 
materials.  The AlxGa1-xN growth may introduce dislocations and strain and even strain-
induced cracking.  Also, AlxGa1-xN has limited doping efficiency for p-type doping.  
Using the epitaxial material development and p-doping study, the first AlxGa1-xN (x ~ 
0.05) p-i-n APDs were grown and fabricated based on the standard processing techniques. 
As mentioned before, the development of a low-resistivity AlGaN:Si layer is 
important for UV APDs because the high n-layer resistivity can lead to current crowding 
towards the edge of the mesa, causing the potential premature breakdown of devices.  In 
order to serve this purpose, the Si-doping study for AlxGa1-xN (x ~ 0.05) was carried out.  
The composition of an AlGaN layer was determined by triple axis X-ray rocking curve, 
as shown in Figure 3.47.  A 300K Hall-effect measurement on Al0.05Ga0.95N:Si+ on thick 
GaN layer shows a mobility of ~ 96 cm2/V·s and [n] ~ 1.8×1019 cm-3.  Figure 3.48 shows 
the average resistivity of 109.2 Ω/□ and a standard deviation of 2.0.  This low and 
uniform resistivity may be interpreted as uniformity of carrier concentration, mobility and 







Figure 3.47: Triple axis rocking curve (blue) and dynamic XRD simulation fitting (red) 











Figure 3.48:  Resistivity map of Al0.5Ga0.95N:Si+ layer on thick undoped GaN layer. 
 
 





Thickness 0.40 µm 
Symmetry 1.60 
Sheet R 9.15×101 Ω /square 
Bulk R 3.66×10-3 Ω-cm 
Sheet Hall Coefficient -8.78×10-1 m2/C 
Bulk Hall Coefficient -3.51×10-7 m3/C 
Sheet N -7.11e×1014 cm-2 
Bulk N -1.78×1019 cm-3 
Mobility 9.60×101 cm2/V·s 
 
 
The epitaxial structure for AlGaN APD on bulk GaN substrates consists of an n-
type Al0.05Ga0.95N:Si layer, followed by an unintentionally doped Al0.05Ga0.95N drift 
region (0.25 µm, n < 5×1016 cm-3), a p-type Al0.05Ga0.95N:Mg layer, and topped with p-
type GaN:Mg++ (heavily Mg-doped) contact layer.  The free carrier concentrations and 
mobilities in the p-type and n-type AlxGa1-xN (x = ~ 0.05) layers were calibrated to be p = 
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~ 5×1017 cm-3 and n = ~3×1018 cm-3 with µe = ~ 200 cm2/V·s, respectively.  Improved 
crystalline and structural quality for AlxGa1-xN (x~0.05) epitaxial layers were achieved by 
employing optimum growth parameters on low-dislocation-density ( < 1×106 cm-2) bulk 
GaN substrates in order to minimize the defect density in epitaxially grown materials.  A 
graded layer from unintentionally doped GaN to AlxGa1-xN (x = 0.05) was inserted as a 
strain management layer for the crack-free growth of AlGaN p-i-n structures on GaN 
substrates.  Figure 3.49 shows the AFM images of the surface of an Al0.05Ga0.95N UV 
APD wafer revealing atomic steps on the surface with no visible nano-pits.  Root-mean 
square (RMS) surface roughness values are approximately 0.17 nm and 0.19 nm for 1×1 









Figure 3.49:  AFM microscopic surface morphology of an Al0.05Ga0.95N ultraviolet APD 
wafer grown on a bulk GaN substrate:  (a) 5×5 µm2 scan (b) 1×1 µm2 scan with z-height 




 The devices were fabricated into 30 µm- and 50 µm-diameter circular mesas by 
low-damage inductively coupled plasma (ICP) etching using a Cl2/He carrier gas mixture.  
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After mesa definition, a SiO2 passivation layer was applied to the devices using plasma-
enhanced chemical vapor deposition (PECVD).  The width of the dot-shaped p-contact 
metal is 12 µm.  The complete device structure is schematically shown in Figure 3.50.  
The forward I-V characteristics and low reverse bias voltage (up to -100 V) I-V 
characteristics were measured using an Agilent HP4156C precision semiconductor 










Figure 3.50: Schematic diagram of the Al0.05Ga0.95N APD mesa-geometry device 
structure grown on a bulk GaN substrate. 
 
 
 Figure 3.51 shows a comparison of the photocurrent and dark-current 
characteristics at 300 K for a 30 µm-diameter mesa AlGaN UVAPD as well as the 
reverse-bias I-V characteristics near avalanche breakdown above 80 V.  No microplasmas 
or side-wall breakdown luminescence was visually observed.  The photocurrent was 
obtained using a UV lamp emitting at an average intensity of 4,500 µW/cm2 with a peak 
emission wavelength of ~254 nm.  The avalanche gain (M) is taken as the difference 
between the reverse-biased photocurrent and dark current, divided by the difference 
 SiO2 Pd/Au SiO2  
  p-GaN:Mg++   
  p-AlxGa1-xN:Mg+   
  
 Ti/Al/Ti/Au





AlxGa1-xN:ud (x~0.05) graded to GaN 
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between the low-bias photocurrent and low-bias dark current.  The photocurrent increases 
with bias.  The reference unity gain photocurrent was set at a reverse voltage of 70 V, 
which is a “conservative” approach in estimating avalanche gain.  The avalanche gain 
reaches a maximum value of ~50 at a voltage of 86.75 V.    
 Bias-dependent spectral response of a photocurrent was also measured and is 
shown in Figure 3.52.  For the spectral response measurement, a Keithley 4200 
semiconductor characterization system, an Oriel xenon lamp, a Cornerstone 260 
monochromator/chopper system, a Perkin Elmer 7265 DSP lock-in amplifier were used 
for optical wavelength selection and modulation, and photocurrent measurement.  The 
photocurrent at zero-bias exhibits a peak absorption at 350 nm (~3.5 eV) equivalent to 
the bandgap of Al0.05Ga0.95N.  This peak absorption wavelength is shorter than that of 
comparable GaN p-i-n APDs on free-standing GaN substrate by ~15 nm.  The spectral 
response of GaN APDs on a free-standing substrate can be found in the following 
literature.[84]  The absorption cut-off is found at 370 nm, which is ~10 nm shorter than 
those of comparable GaN p-i-n APDs.  Therefore, by employing AlGaN structures, the 
long peak wavelength and cut-off were shifted toward the deeper UV spectral region.  
This also suggests that AlxGa1-xN with x > 0.4 is required to achieve intrinsic (filter-free) 
solar-blind UV APDs.  The peak absorption wavelength is slightly shifted to ~ 360 nm 
possibly due to the Franz-Keldysh effect [ 85 , 86 ] as the reverse bias increases.  
Photocurrent decreases as wavelength becomes shorter, indicating reduced carrier 
collection efficiency.  The photocurrent, however, is still substantial near ~280nm.  Red-
shift behavior of voltage dependent spectral response of the AlGaN APDs is similar to 





























































































Figure 3.51: (a) Reverse-bias I-V characteristics of an Al0.05Ga0.95N UV APD having a 
mesa diameter of 30 µm (b) Reverse-bias I-V characteristics near avalanche breakdown 









































































Figure 3.52:  Voltage-dependent spectral response of photocurrent for an Al0.05Ga0.95N 
UV APD measured at room-temperature; (a) linear scale (b) log scale. 
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CHAPTER 4 
DEVELOPMENT OF NITRIDE POWER RECTIFIERS 
4.1 Introduction 
 There has been increasing research interest in the use of wide-bandgap 
semiconductors such as GaN or SiC, for applications in high-power and high-temperature 
electronic devices, e.g., p-i-n rectifiers, heterojunction bipolar transistors (HBTs), and 
heterojunction field-effect transistors (HFETs) [87,88] for the past years due to their 
superior physical and electronic properties such as high thermal stability, large chemical 
bond strength, large direct energy bandgap, and high electric field strength. [88] Wide-
bandgap semiconductors have great potential to replace silicon, which is currently the 
dominant semiconductor material for high-power switching applications and also 
InGaP/GaAs materials for high-performance HBTs.  SiC high-power switching device 
performance has drastically improved recently due to the intense research on SiC growth 
and processing technologies.[89,90]  GaN devices are predicted to out-perform Si and 
SiC devices for power applications [88].  Consequently, group III-nitride materials are 
receiving more and more attention for high-power electronic applications owing to their 
unique and promising material properties.  Recently, various groups have demonstrated 
III-V nitride-based power devices.[91,92,93,94]  III-N p-i-n rectifiers are expected to 
offer high-power operation for many applications, including power switching.  Nitride-
based p-i-n devices are of interest as well for the basic element in the development of 
nitride DC-to-DC power converters.  In addition to the improved performance at high-
power, these devices should also be capable of operation at high temperatures and in a 




4.2 Advantages of Nitride p-i-n Rectifiers 
 The primary advantage of employing p-i-n rectifiers as power devices is the 
benefit from the low resistance during the “On-state” operation and high breakdown 
voltage.  Thus, the device can sustain a high current density under forward bias with low 
power losses [95,96] - one of the main critical aspects for many high-power device 
applications.  To realize the high-performance and reliable nitride power rectifiers, the 
nitride material quality plays an indispensable role.  Currently, the lack of a convenient 
large-area lattice-matched substrate creates many problems in the epitaxial growth of 
high-quality III-Nitrides.  Most of the epitaxial growth of III-Nitrides have been 
performed on basal plane (c-plane) sapphire substrates (α-Al2O3) because it has a 
hexagonal wurtzite crystal structure that is the same as the thermodynamically stable 
structure of GaN, is inexpensive, and has a high thermal stability.  However, there is 
about 10% lattice mismatch between the III-Nitrides epitaxial layers and the sapphire 
substrates.  In this study, the development of a GaN p-i-n rectifier structure grown on 
lattice-less-mismatched (SiC) or lattice-matched (GaN) and thermally compatible 
substrate materials was performed to greatly improve the device performance 
characteristics.  The research activities include new device structure designs, the epitaxial 
growth by metalorganic chemical vapor deposition, device fabrication, and 
characterization of the devices. 
 
4.3 Development of Full-Vertical p-i-n Rectifiers 
4.3.1 Motivation 
 GaN-based materials can be grown on either sapphire substrates or SiC substrates.  
The growth of GaN-based materials on SiC substrates offers several advantages over the 
growth on sapphire substrates.  GaN on SiC has a reduced degree of lattice mismatch; 
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thereby, resulting in a lower defect density in the epitaxial GaN-based layers.  Also, SiC 
substrates have higher thermal conductivity than sapphire substrates (3.7~4.9 Wcm-1K-1. 
for 4H- and 6H-SiC, respectively vs. 0.27 Wcm-1K-1 for sapphire ); hence, SiC provides 
better thermal management for device operation.  The advances in SiC substrate 
manufacturing technologies over past decades allow them to be used in a variety of high-
power electronic devices.[23]  For the growth of GaN on a SiC substrate, AlN grown at 
high temperature has been shown to be a suitable buffer layer.  This is because SiC-AlN 
has a relatively small a-axis lattice mismatch of approximately 1% [24]; however, one of 
the problems of using AlN as a buffer layer is that it is an insulator having a large 
ionization activation energy of ~320 meV for Si donors [97] as well as a large energy 
bandgap of 6.2 eV.   
 In a conventional III-N rectifier design that utilizes sapphire substrates or an 
insulating AlN buffer layer on SiC substrates, mesa-defined top p- and n-contact 
structures are the inevitable choice, accompanying a deep etch step for device fabrication 
and resulting in a non-uniform electric-field distribution in the device.  As a result, when 
a GaN-based device is grown on a SiC substrate with a conventional AlN buffer layer, a 
full-vertical device configuration [98], which has the back-side n-ohmic contact to the 
bottom of the SiC substrate and front-side p-ohmic contact on top of the epitaxial 
structures, cannot be realized; therefore, with an AlN buffer and a device mesa structure, 
the excess leakage current through sidewall damage by deep dry etching and a certain 
degree of current crowding are unavoidable.   
 As one of the alternative approaches, a low Al-composition AlGaN (up to an Al-
mole fraction ~0.15), which can be directly grown on SiC substrates with reasonably 
conductive characteristics has been studied; however, the phase separation with the 
fluctuation of Al content and three-dimensional GaN island morphology have been 
observed.[99,100,101,102,103]  The difference in the surface mobility between Al and 
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Ga atoms on the growing surface, which is one of the crucial parameters in AlGaN 
growth, has also been published.[104]   
4.3.2 Development of AlGaN:Si Conducting Buffer Layer 
 The conventional growth technique used for growing GaN on SiC substrates 
requires a 100 ~ 200 nm-thick high-temperature grown AlN buffer layer.[24]  An AlN 
layer of this thickness introduces significant resistance to a vertical-geometry device.  As 
a result, mesa definition for a thick p-i-n GaN epitaxial rectifier structure requires deep 
dry etching for device fabrication; thereby, current crowding at the bottom of the i-region, 
as well as the increase of the current leakage due to damaged sidewalls, are inevitable.  
The growth of GaN p-i-n rectifiers on a n-type SiC conducting substrate enables the 
structural design of full-vertical rectifiers without using a deep mesa etch, having the n-
contact on the bottom of substrate in contrast to the case of insulating substrates; 
however, the direct growth of GaN on SiC substrates gives poor GaN material quality.  In 
this case, GaN three-dimensional islands develop and the surface morphology becomes 
rough.[100]  The best results for GaN/SiC epitaxial structures are usually obtained using 
AlN, acting as a wetting agent, as a buffer layer.[24,105] 
 To overcome this technological barrier, high-temperature grown AlGaN:Si buffer 
layers were investigated to realize a full-vertical GaN p-i-n structure for rectifier 
applications.  The layer is required to satisfy two conditions to serve as a conducting 
buffer layer.  First, the buffer layer needs to be conducting and also must be vertically 
conducting through the buffer-substrate interface and second, it should be effective as a 
buffer layer in terms of improving the crystalline and structural quality for the subsequent 
growth of epitaxial layers.  The AlGaN:Si buffer layer was calibrated to achieve the 
improved crystalline and structural quality by altering growth conditions and epitaxial 
designs.  The NH3 molar flow rate was lowered during the initial stage of AlGaN:Si 
growth to promote the lateral movement of Al ad-atoms.  TMAl and TMGa molar flows 
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were targeted to obtain the slow growth rate for an AlGaN:Si layer.  Also, the total 
thickness of the AlGaN:Si layer as well as a strain accommodation layer was varied to 
obtain an atomically smooth and nano-pit free surface on subsequently grown GaN 
layers.  AlGaN buffer layers were grown on (0001) 6H-SiC n-type substrates at a low 
pressure of 50 Torr to minimize the homogeneous gas-phase reactions between TMAl 
and NH3 [80,81] while all of the subsequent GaN layers were grown at 200 Torr.  The 
growth temperature was set at 1050˚C to minimize the thermal transient between growth 
of the AlGaN:Si layer and GaN layers.  TMAl, TMGa, and NH3 molar flows were 
optimized to promote the lateral movement of Al ad-atoms during the growth of 
AlGaN:Si buffer layers.  The Al mole fraction of the AlGaN layer was measured to be 
approximately 0.1, determined from photoluminescence and XRD.  The carrier 
concentration in the AlxGa1-xN:Si (x= ~ 0.1) layer was estimated to be 3×1018 cm-3, as 
determined from the layer grown on an undoped GaN layer on a sapphire substrate with 
similar growth conditions. 
 The vertical transport characteristics of n-type AlxGa1-xN:Si (x= ~ 0.1) on a n-type 
SiC substrate were studied to determine the electrical properties.  For this purpose, a 
metallization scheme using Ti/Al/Ti/Au on top of the n-AlGaN:Si and Ni/Au on the 
backside of the n-type SiC substrate was deposited by an electron-beam evaporator 
system.  As shown in Figure 4.1, the structure demonstrated excellent Ohmic 




Figure 4.1:  Vertical transport characteristics of Al0.1Ga0.9N:Si conducting buffer layer 
grown on an n-type 6H-SiC substrate. 
 
 
A small kink in the I-V characteristic was observed for forward bias conditions and it is 
believed to have originated from the heterostructure barrier at the N-AlGaN -- n-SiC 
junction due to the band-offset combined with the Fermi level pinning effect due to 
interface defects.[106]  Another possible origin of the kink could be a non-ideal Ohmic 
contact behavior; however, the Ohmic behavior of the contact, especially for n-AlGaN, 
was verified by a TLM (transmission line measurement) study.  The surface morphology 
of an AlxGa1-xN:Si (x= ~ 0.1) conducting buffer layer was also characterized by AFM and 
it resulted in a smooth surface with RMS roughness values of 0.44 nm and 0.63 nm for a 
1×1 µm2 scan and 5×5 µm2 scan, respectively. 
4.3.3 Characterization of Full-Vertical p-i-n Rectifiers 
The examination with a Nomarski optical microscope revealed a smooth surface 
for a full-vertical GaN p-i-n rectifier structure with AlxGa1-xN:Si (x = ~ 0.1) as a 
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conducting buffer layer.  An AlxGa1-xN:Si (x = ~ 0.1) layer graded to GaN:Si layer was 
inserted as a strain relaxation layer underneath the n-type GaN.  The microscopic surface 
morphology was characterized by AFM.  Figure 4.2 shows AFM images (under the z-
height of 10 nm) revealing an atomically smooth surface with no visible nano-pits.  The 
AFM images show an atomically smooth surface with no visible nano-pits, demonstrating 
the superior material quality of GaN epitaxial layers grown on AlGaN conducting buffer 
layers on n-SiC substrates.  RMS roughness values are approximately 0.22 nm and 0.26 




Figure 4.2:  AFM microscopic surface morphology of a full-vertical rectifier structure on 
an n-AlGaN:Si conducting buffer layer grown on an n-type (0001) 6H-SiC substrate: (a) 





 (a)  (b)
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The crystalline quality of GaN epitaxial layers on a conducting buffer layer/SiC 
substrate for full-vertical structures was analyzed using a high-resolution X-ray 
diffractometer.  The full-width-at-half-maximum (FWHM) line-widths of the GaN-
related peaks show in Figure 4.3 are ~181 arc-sec. and ~320 arc-sec. for (002) and (102) 
scans respectively, which are comparable to those of GaN p-i-n rectifier structures 








































FWHM (102) = 320 arc-s
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Figure 4.3:  X-ray rocking curves of a full vertical p-i-n rectifier: (a) (002) symmetric 
scan (b) (102) asymmetric scan. 
 
The optimization of p-GaN:Mg, p-GaN:Mg++, and n-GaN:Si layers for the diode 
were carried out.  With the optimization of TMGa and NH3 molar flows as well as SiH4 
and Cp2Mg molar flows, the free carrier concentrations and mobilities in the p-type and 
n-type GaN for the rectifier structure are measured to be p = 1×1018 cm-3 with µh = ~12 
cm2/V·s and n=5×1018 cm-3 with µe = ~210 cm2/V·s, respectively, as determined by 300K 
Hall-effect measurements. Figure 4.4 shows the secondary ion mass spectroscopy (SIMS) 
depth profiling data for a GaN:Mg sample exhibiting p = 1×1018 cm-3.  Unintentional 
carbon and oxygen impurity levels are well controlled (very low or near the detection 
limit) and Mg concentration in the GaN:Mg layer is [Mg] = 4×1019 cm-3, indicating that 












































































































Figure 4.4:  (a) SIMS profile of GaN:Mg layer having free hole concentration, p = 1×1018  
cm3 with 12 cm2/V·s (b) SIMS profile of carbon and oxygen impurities for GaN:Mg layer. 
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The investigation of the I-V characteristics of the p-GaN:Mg++ cap layer  was also 
performed.  The Mg concentration as well as the thickness was optimized to optimize the 
Ohmic behavior.  The Cp2Mg flow rate and growth time for GaN:Mg++ cap layer were 
varied to obtain an improved Ohmic behavior, reducing the specific contact resistance 
from TLM measurements.  The optimized contact layer is estimated to contain [Mg] ~ 
1.2×1020 cm-3 with a thickness of 20 nm.   
The epitaxial structure for the rectifier consists of, in order from top to bottom, the 
GaN:Mg++ contact layer, p-GaN:Mg+, 2.5 µm-thick unintentionally doped GaN, n-
GaN:Si+, and an AlGaN:Si+ conducting buffer layer.  The energy-band diagram of the 
epitaxial structure for the device is also shown in Figure 4.5.  For the construction of the 
energy-band diagram, a one-dimensional simulation [107] was applied to the GaN p-i-n 
structure.  The intrinsic doping level of unintentionally doped i-GaN was assumed to be 
n~1×1015 cm-3 and the spontaneous and piezoelectric polarization effects were not 
considered in the simulation.  The band structure for a portion of the grading layer, the 
AlxGa1-xN:Si (x= ~ 0.1) conducting buffer layer, and the n-type 6H-SiC substrate is 
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Figure 4.5:  Energy-band diagram of the epitaxial structure on the substrate in thermal 
equilibrium:  (i) p-GaN:Mg, (ii) unintentionally doped i-GaN, (iii) n-GaN:Si, (iv) AlGaN-
GaN grading, (v) AlGaN conducting buffer layer , and (vi) n-SiC substrate. 
 
 
 The planar devices in this study did not use a current guiding structure.  The 
Ni/Au and Pd/Au metallization schemes were applied for the Ohmic contacts on n-SiC 
and p-GaN, respectively.  The analysis of I-V characteristics in the reverse high-voltage 
regime was carried out using a high-voltage power supply system.  Forward I-V 
characteristics and reverse I-V characteristics were measured using an Agilent HP4156C 
precision semiconductor parameter analyzer, HP4142B I-V analyzer and Stanford 
Research Systems PS350 high-voltage power supply.  The reverse breakdown of a full-
vertical GaN p-i-n rectifier with a relatively thin 2.5 µm-thick i-region was VBR > -330 V 
with on-resistance of RON = 7.5 ×10-3 Ω·cm2.  The forward turn-on voltage (Vf) of the 
devices in this study is approximately 7.5V, which is related to the thick i-layer of wide-
bandgap materials.  The I-V characteristics in the low forward bias regime and the reverse 












Figure 4.6:  Current-voltage characteristics of a full-vertical GaN p-i-n rectifier. 
 
4.3.4 Device Design Optimization 
 Two-dimensional simulations were performed using the DESSIS module bundled 
in the ISE TCAD software [108], which calculates the currents and electric fields in the 
devices.  Based on the simulation results and consideration of the heteroepitaxy of GaN 
devices on AlGaN:Si buffer layers, the unintentionally doped i-region was set at ~ 2.5 µm 
to achieve the increase in the blocking voltage with reasonably low series resistance.  The 
full-vertical GaN p-i-n rectifier structures employed in this study consist of a 20 nm-thick 
p++-GaN:Mg cap layer, 100 nm-thick p+-GaN:Mg (p = 1×1018 cm-3), 2.5 µm 
unintentionally-doped GaN i-layer, 100 nm-thick n-GaN:Si (n = 5×1018 cm-3), and 250 
nm-thick Al0.1Ga0.9N:Si as a conducting buffer layer in the order from the top to the 
bottom of the epitaxial structure.  For fabricated devices, Ni/Au and Pd/Au ohmic 
contacts were deposited on the backside of the n-SiC substrate and on top of p-GaN 
epitaxial layer, respectively.  The n-type metal contact covered most of the backside of 
the wafer (a piece approximately 1×1 cm2), while p-type metal contact was defined in 
circular shape with a diameter from 30 to 100 µm by lithography.  
 Two configurations of devices schematically shown in Figure 4.7 were fabricated 
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and compared:  one does not have any current guiding scheme and the other has current 
guiding only in the relatively thin p-layer.  To provide the current guiding in the p-layer, 
the layer was shallow-etched by ICP (inductively coupled plasma) dry etching and 
passivated by PECVD (plasma-enhanced chemical vapor deposition)-deposited SiO2.  
Using the GaN p-i-n structure on the AlGaN:Si conducting buffer layer, two 
configurations of current-guiding schemes were studied to optimize the device design:  
one did not employ any current guiding and the other had the current guiding only in the 
relatively thin p-layer.  n-type GaN:Si layer and  p-type GaN:Mg+ layer were kept at a 
relatively thin 100 nm to lower the series resistance.  The diameter of Pd/Au p-contact 
was 60 µm for both configurations while the diameter for p-current guiding in full-
vertical p-i-n rectifiers is 80 µm.  The lateral dimensions of the active region for a full-
vertical device in this work is determined by the field distribution and the current 




Figure 4.7:  Schematic diagrams of full-vertical GaN p-i-n rectifier device structures:  (a) 
devices without any current guiding scheme (b) devices with a current guiding scheme 
only in p-layer. 
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Figure 4.8 shows an I-V characteristic comparison between the rectifiers with and 
without the p-current guiding structure.  The devices compared have a p-type metal 
contact diameter of 60 µm.  Both configurations of devices result in a low on-resistance 
(RON) of 7.5 ×10-3 Ω·cm2 and the forward turn-on voltage (Vf) of the devices is 
approximately 7.5V, which is related to the relatively thick i-layer of wide-bandgap 
materials.  The reverse-breakdown voltage for rectifiers with a relatively thin 2.5 µm-
thick i-region without the p-current guiding was found to be over -330V, while devices 
with the p-current guiding structure were measured to be over -400V.  The full-vertical 
rectifier devices with the p-current guiding structures exhibit a much lower reverse-bias 
leakage current (by 4 orders of magnitude at -100V), indicating that the current guiding 
even in the relatively thin p-layer facilitates the reduction of the reverse-bias leakage 
















































Figure 4.8:  I-V characteristic comparison between the rectifier structures with and 
without a p-current guiding scheme:  (a) linear plot (b) logarithmic plot. 
  
 
 The relatively high reverse leakage current in the device without current guiding 
can be attributed to current spreading in the p-layer and the i-region as well as the very 
thick n-layer (including n-GaN, AlGaN conducting buffer layer, and n-SiC substrate) 
with the backside contact covering most of the SiC substrate; hence, alternative methods 
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for current guiding in our rectifiers are proposed:  One possibility is proton implantation 
and the other is n-contact area definition using a small-area backside metal contact.  To 
obtain the detailed aspects of the desired ion-implantation profile, a simulation for the 
proton implantation was carried out using SRIM (Stopping and Range of Ions in Matter) 
software.[109]  Further studies of device design optimization for full-vertical rectifiers 
will be performed. 
 
4.4 Low On-resistance GaN p-i-n rectifiers on SiC substrates 
 Considering better thermal conductivity and relatively small a-axis lattice 
mismatch of SiC over sapphire substrates as well as availability at relatively low cost of 
SiC substrartes over bulk GaN substrates, the growth of GaN on an n-type 6H-SiC is one 
of the ways to reduce the dislocation density; thereby, improving device performance.  
GaN p-i-n rectifiers grown on n-type 6H-SiC substrates with optimized growth 
conditions were fabricated using the standard processing techniques.  These devices 
result in the reverse breakdown voltage (Vr) of > -500 V at a current density (Ir) ~1 
A/cm2.  The specific On-resistance (RON ) is approximately 2.3 mΩ·cm2.  These values 
yield a figure-of-merit value of (VRB)2/RON = 108.69 MW/cm2.   
 
4.5 High-Performance GaN p-i-n rectifiers on Bulk GaN substrates 
 A wide variety of GaN-based electronic devices have attracted great commercial 
interest in the past decade due to their superior physical and electrical properties.[88]  
These devices exhibit lower on-resistance and lower switching loss with high breakdown 
voltages [95,96] when compared to that of similar Si-based devices.  The heteroepitaxial 
growth of III-N layers on relatively large-area sapphire and SiC substrates have been 
studied for these devices; however, the high density of defects due to misfit dislocations 
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created during the heteroepitaxy of group III-Nitride materials can cause a device failure.  
Hence, it is becoming increasingly clear that growth on low-dislocation-density “bulk” 
III-N substrates has several intrinsic advantages for high-performance devices.  It is 
considered that the homoepitaxy for power devices enable us to exploit the theoretical 
performance limit for GaN.  
GaN p-i-n rectifier structure on bulk GaN substrates having a mesa diameter of 80 
µm with a metal contact diameter of 60 µm were fabricated.  As shown in Figure 4.9, the 
reverse breakdown voltage of Vr ~ -540 V and the current density of Ir ~ 0.1 A/cm2 at Vr 



















The specific On-resistance is RON ~3 mΩ·cm2.  A figure-of-merit value was 
calculated to be (VRB)2/RON = 97.2 MW/cm2.  These values are close to the simulation 
























results for this device structure using a commercial device simulator, which predict a 
breakdown voltage Vr ~-700 V and a forward voltage drop of 3.3V at a forward current 
density of 100A/cm2 [110].  A high forward voltage drop is expected for wide-bandgap 
materials, especially for direct-bandgap semiconductors like GaN that have extremely 




SUMMARY AND FUTURE WORK 
 
A wide variety of group III-Nitrides materials system has opened a new era in the 
field of semiconductor research for the past decade. They have become of great 
commercial importance fueled by their potentials that extend beyond the capability of Si 
technology.  The direct and large bandgap nature, intrinsic high carrier mobility, and the 
capability of forming heterostructures allow them to dominate the photonic and electronic 
device markets such as light emitters, photodiodes, or high-speed/high-power electronic 
devices.  MOCVD has become the dominant technology for epitaxial growth of epitaxial 
III-nitrides due to its versatility.   
Avalanche photodiodes (APDs) based on group III-Nitrides materials are of 
interest due to their potential capabilities for low dark current densities, high sensitivities 
and high optical gains in the ultraviolet (UV) spectral region.  Wide-bandgap GaN-based 
APDs, such as AlGaN and GaN-based p-i-n diodes, are excellent candidates for short-
wavelength photodetectors because they have the capability for cut-off wavelengths in 
the ultraviolet (UV) spectral region less than λ = 290 nm.  These intrinsically solar-blind 
UV APDs will not require filters to operate in the solar-blind spectral regime of λ < 290 
nm.  For the growth of GaN-based heteroepitaxial layers on lattice-mismatched substrates, 
a high density of defects is usually introduced during the growth; thereby, causing a 
device failure by premature microplasma breakdown before the electric field reaches the 
level of the bulk avalanche breakdown field, which has been a major issue for GaN-based 
APDs.  In contrast, photomultiplier tubes (PMTs) offer high-sensitivity in UV detection; 
however, PMTs require a high-voltage power supply and are relatively fragile and 
expensive.  Due to their compact footprint and material characteristics, APDs are small, 
stable, and less expensive in comparison to PMTs. 
 147
To bring UV APDs based on group III-Nitrides materials system into realization, 
the following issues need to be properly addressed.  First, AlGaN layers are less prone to 
formation of cracks which inherite from in-plane compressive strain with respect to bulk 
AlN substrates.  The band edge of a substrate is transparent to deep UV spectral regime.  
In addition, having a UV transparent substrate enables both front and back illuminating 
device geometry; however, the quality and size of bulk AlN substrates have limitations to 
date.  On the other hand, AlGaN layers grown on bulk GaN substrates experience in-
plane tensile strain with respect to the substrate, which can lead to crack formation; 
therefore, the development of strain management engineered epitaxial structures is 
inevitable.  There is inevitable light absorption in the p-layer for top illuminating device 
geometry in the case of not UV transparent substrates.  The growth of AlGaN APD 
structures on GaN substrates introduces additional technological challenges such as 
imperfect materials quality accompanied by more stringent growth conditions of Al-
containing epitaxial materials.  However, the growth of relatively low Al-content AlxGa1-
xN (x < 0.2) on bulk GaN substrates can utilize the matured substrate technology with low 
defect density of less than 106 cm-2.   
The development of high-performance GaN and AlGaN APDs has been described 
in this work.  High-quality AlxGa1-xN (0 ≤ x ≤ 1) epitaxial layers grown on low 
dislocation density native bulk III-N substrates have brought never-before-possible high-
performance UV APDs into realization.  GaN p-i-n APDs grown on bulk GaN substrates 
demonstrated the true stable avalanche gain of > 10,000 out of devices with 50 µm mesa 
diameter.  These are the largest APDs with highest avalanche gain ever reported using 
GaN.  These GaN APDs exhibit the testing-system-limited low-reverse-voltage (|VR| < 60 
V) dark current and current density of IR = 5×10-14 A and JR = 7.0×10-9 A/cm2, 
respectively.  It can be attributed partly to high-quality epitaxial layers and partly to the 
incorporation of low dislocation density bulk GaN substrates.  In order to achieve 
intrinsically solar-blind APDs, the use of wider-bandgap material than GaN is required; 
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thus, the research was focused on the deeper UV spectral regime.  With the aid of a strain 
management engineered structure, the first demonstration of true avalanche breakdown 
for Al0.05Ga0.95N APDs on bulk GaN substrates was realized based on the extensive work 
on the AlxGa1-xN (0 ≤ x ≤ 1) materials system.  The true avalanche gain of ~ 50 was 
achieved.  
The research on high Al-content AlxGa1-xN (x> 0.3) APDs are intensively carried 
out on bulk AlN substrates.  The development of next-generation growth technique such 
as modulated precursor epitaxial growth (MPEG) to overcome the current growth issues 
associated with conventional growth technologies for high-quality AlGaN is one of the 
keys to the realization of true solar-blind APDs operating at λ < 290 nm.  The more effort 
will be given in this area of the research.  However, the material may not be the only 
issue in development of solar-blind AlGaN APDs.  Further optimization of device 
processing technology such as low-damage sidewall etching or sidewall passivation for 
AlGaN materials is required. 
The growth of Al1-xInxN (x = 0.16) alloys which are lattice-matched to GaN, 
having a direct bandgap energy of Eg = 4.61 eV equivalent to ~ 270 nm at room-
temperature will be carried out.  This lattice-matched AlInN approach will permit the 
direct growth of high-quality intrinsic deep UV APDs on bulk GaN substrates. 
The superior physical and electronic properties such as high thermal stability, 
large chemical bond strength, large direct energy bandgap, and high electric field strength 
of group III-Nirides have brought much research interest to high speed/high power 
devices such as GaN p-i-n rectifiers.  The study was focused on the two sections; 
development of (1) full-vertical GaN rectifiers (2) GaN rectifiers on low-dislocation 
density bulk GaN subtrates. 
The development of a AlN-free full-vertical GaN p-i-n rectifier on 6H n-type SiC 
substrates by employing a conducting AlxGa1-xN:Si (x = ~ 0.1) buffer layer scheme was 
discussed. This full vertical configuration provides the advantage of the reduction of 
 149
sidewall damage from plasma etching and lower forward resistance due to the reduction 
of current crowding in the bottom n-type layer.  In this vertical configuration, the n-
contact was made on the back-side of the SiC substrate using a Ni/Au metallization 
scheme.  The AlxGa1-xN:Si nucleation layer was proven to provide excellent electrical 
properties while also acting as a good buffer layer for subsequent GaN growth.  The 
reverse breakdown voltage for a relatively thin 2.5 µm-thick i-region was found to be 
over -400V.  For GaN p-i-n rectifiers grown on bulk GaN substrates, the reverse blocking 
voltage of Vr ~ -540V was demonstrated. 
Further development on the proton implantation or Fe-doping study may be 
required to reduce sidewall leakage current more effectively.  In addition, the backside n-
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